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Al-rich AlGaN is required for light-emitting diodes (LEDs) and lasers operating in the 
deep-ultraviolet (UV) spectral range, solar-blind photodetectors, integrated UV photonics, and 
future high-power electronic devices. For many of these applications, it is essential that AlGaN 
with atomically smooth surface and with a minimal level of defects and dislocations can be 
epitaxially grown on foreign lattice-mismatched substrates, which are of lower cost, larger size 
and more widely available than bulk GaN or AlN substrates. In this work, with the use of molecular 
beam epitaxy (MBE), superior quality AlN and Al-rich AlGaN grown on sapphire are 
demonstrated. For AlN epilayers grown directly on sapphire, the X-ray diffraction (XRD) (002) 
rocking curve peak is significantly narrower than that previously reported for samples of 
comparable thicknesses. By employing a careful sequence of cycled in situ high-temperature 
annealing, many of the dislocations and stacking faults generated at the AlN/sapphire interface are 
reduced within the first 50 nm of growth. The photoluminescence (PL) emission is twice as strong 
as commercial AlN epitaxial templates that are over 10 times thicker, without the presence of 
defect-related emissions. With increasing thicknesses, the (002) and (102) rocking curve peak 
widths are among the best reported for AlN epitaxially grown on sapphire. Furthermore, a detailed 
study of Al-rich AlGaN epilayers was conducted. A method was developed to precisely control 
the alloy composition by tuning the Al flux and N flow rate. Under optimized conditions, 
Al0.6Ga0.4N epilayers exhibit a surface roughness <0.4 nm, and strong PL emission at room 
temperature. Despite the lattice mismatch between AlGaN, AlN and sapphire, the formation and 
propagation of dislocations is significantly suppressed. This work presents important insights into 
 xxv 
obtaining superior-quality wide-bandgap Al(Ga)N epilayers on lattice-mismatched substrate 
without the limitations of thick buffer layers, in order to break the efficiency bottleneck of deep-
UV optoelectronics. 
Hexagonal boron nitride (h-BN) has shown tremendous promise when used alongside other 
two-dimensional (2D) materials such as graphene, and as a wide-bandgap semiconductor for deep-
ultraviolet optoelectronics and quantum photonics. Owing to its large bandgap energy comparable 
or higher than Al(Ga)N, h-BN can be used to form heterostructures to address some of the critical 
challenges of Al(Ga)N-based systems. In this context, dislocation-free AlN/BN nanowire 
heterostructures were grown directly on Si substrate. AlN/BN deep-UV LEDs, exhibiting a 
relatively low turn-on voltage (<7 V) and strong electroluminescence (EL) emission at ~210 nm 
at room temperature were demonstrated for the first time. The epitaxy of h-BN was then studied. 
Using high-temperature MBE, domains of exceptional crystalline quality were obtained on Ni 
substrate, with strong excitonic PL emission. It was theoretically and experimentally demonstrated 
that, even though the energy gap of h-BN is indirect, it luminesces as strongly as direct-gap 
materials, because of unusually strong phonon coupling. The luminescence intensity (~220 nm) of 
such a h-BN sample was 10 to 100 times stronger than that of commercially grown direct-bandgap 
AlN, demonstrating the extraordinary potential of epitaxial h-BN for deep-UV optoelectronics and 
quantum photonics. By forming a p-i-n structure using this high-quality h-BN as the active region, 




Chapter 1 Introduction 
 
1.1 Optoelectronic Devices 
1.1.1 Light-Emitting Diodes 
Physical principles 
The basis of optoelectronic devices is a conversion process between electrical and optical 
energies. A light-emitting diode (LED) is a semiconductor device that converts electricity into 
light. It builds off another electronic device, the diode. The simplest structure of a diode is the p-n 
junction, which is formed by layering p-type and n-type semiconductor materials. A p-type 
semiconductor is doped with acceptor impurities, thus enabling the presence of holes (positive 
charges) flowing in the material. Conversely, an n-type semiconductor is doped with donor 
impurities, such that its carriers are electrons (negative charges). In an LED, at the interface of 
these two layers, an active layer is formed where the light emitting properties occur. In a practical 
device, these layers rest on a substrate and include positive and negative metal contacts, as shown 
in Fig. 1.1. 
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Figure 1.1 – Cross-sectional view of a thin film LED. (Source: Wikipedia.org) 
 
 A practical way to understand the operating principles of an LED is to refer to the band 
theory of solids [1], [2]. In the case of a semiconductor, two distinct bands are formed: the valence 
band at a lower energy level and the conduction band at a higher energy level. Free electrons flow 
in the conduction band while free holes are in the valence band. Between these two regions is a 
band gap, where no charge carriers should be found. Furthermore, in the case of a p-n junction, 
due to the misalignment in energies of the two regions, band bending is present at the interface. 
The movement of charge carriers given an applied forward voltage and the band structure of an 
LED are shown in Fig. 1.2. When electrons and holes reach the active region and are correctly 
aligned, the electron in the conduction band can recombine with the hole [3]. When recombination 
occurs, energy is released. In most semiconductor devices, including standard diodes, this energy 
is dissipated in the form of heat (lattice vibrations), which is referred to as nonradiative 
recombination. However, in the case of LEDs, radiative recombination can also occur, releasing a 
photon (light). The electrical properties of an LED are very similar to those of a diode. The current-
voltage (I-V) characteristics are reviewed in Fig. 1.3. When a forward voltage is applied and the 
turn-on voltage of the device is reached, an exponentially increasing current starts flowing through 
the device. In terms of the band theory, a forward voltage reduces band bending enabling the 
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charges to move from one region to the other. The current passing through the device injects free 
electrons (and holes) causing some of them to radiatively recombine and generate light. However, 
when a reverse voltage is applied, by inverting the polarity of the source for example, band bending 
is increased, and the charge carriers do not have enough potential energy to overcome this barrier 
and cannot move from one region to the other. In other words, there is no current that flows through 
the device apart from a small constant leakage current. Lastly, if too high reverse voltage is applied, 
it will cause the device to break down. 
 
Figure 1.2 – Simplified LED structure and band diagram. (Source: Wikipedia.org) 
 
 
Figure 1.3 – I-V characteristics of an LED. (Source: Wikipedia.org) 
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Some of the fundamental optical properties of the LED can also be understood from band 
theory. A first property is the wavelength of light that is emitted (λ), also equivalent to the photon  
energy (Ephoton) and frequency (ν). Indeed, these are directly related to the bandgap energy of the 
semiconductor (Eg), by relating to the Plank constant (h) and speed of light (c), as expressed in 
Equation 1.1 [3]. 
𝐸𝑔 ≈ 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 =
ℎ𝑐
𝜆
= ℎ𝜈 (Equation 1.1) 
Since the bandgap energy is characteristic of the semiconductor that is used, different wavelengths 
can be obtained by using different materials. For example, gallium arsenide (GaAs), having a low 
bandgap energy, is therefore used for infrared (IR) applications [4]. The electromagnetic spectrum 
is included in Appendix A. 
Solid-state lighting 
One of the most promising applications of the LED is solid-state lighting [3]. This term 
refers to any type of lighting technology that makes use of solid-state devices. While it has been 
seen that LEDs can emit virtually any color of the electromagnetic spectrum, white light is desired 
for general lighting purposes. A first method involves the combination of red, green and blue LEDs 
in order to perceive white light. These wavelengths can be obtained using gallium nitride (GaN) 
and indium gallium nitride (InGaN) materials. The second method that is the most widely used 
today is the combination of a blue LED and a phosphor [3]. A phosphor is a luminescent chemical 
substance that can absorb some of the blue light from the LED and re-emit it at longer wavelengths, 
such as green and red colors, leading to the perception of white light. An example of such a 
spectrum is shown in Fig. 1.4. The dominant peak is at the frequency of blue light (~460 nm) with 
the presence of a broader emission due to the phosphor, Ce:YAG in this case. In this technology, 
the blue LED is preferred for its very high efficiency. There is however an energy loss in the 
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photon energy down-conversion process by the phosphor, referred to as Stokes shift [3], impacting 
the overall efficiency of the white LED. 
 
Figure 1.4 – Emission spectrum of a phosphor-coated white LED. (Source: Wikipedia.org) 
 
Performance metrics 
There are several efficiency metrics that characterize an LED. The first is the internal 
quantum efficiency (IQE), relating the number of photons that get generated in the active region 




  (Equation 1.2) 
In this equation, Pint is the optical power, I is the injected current and e is the elementary charge 
constant (1.602×10-19 C). IQE can also be defined based on the ABC model, as shown in Equation 




 (Equation 1.3) 
In this equation, n is the carrier concentration, and A, B and C are the Shockley–Read–Hall (SRH), 
radiative and Auger recombination coefficients, respectively. The two main nonradiative processes 
are SRH recombination due to traps (localized energy states) created within the bandgap by 
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dopants or defects in the crystal lattice, and Auger recombination, a higher order process involving 
three carriers [6]. For a typical InGaN/GaN quantum-well-based LED, reported values of A, B and 
C are 107 s-1, 10-10 cm3·s-1 and 5×10-29 cm6·s-1, respectively [7]. 
As light is produced in the active region, it does not necessarily mean this light will escape 
into the surrounding environment. It can for example reflect and get reabsorbed due to total internal 
reflection (TIR). The light extraction efficiency (LEE) is defined as the ratio of the number of 
photons emitted in free space versus the number of photons generated in the active region of the 




 (Equation 1.4) 
Furthermore, not all injected carriers will make it to the active region to potentially recombine and 
generate a photon. For this reason, the carrier injection efficiency (CIE) is also considered. The 
external quantum efficiency (EQE) is thus the product of these three factors [3], as shown in 
Equation 1.5. 
𝐸𝑄𝐸 = 𝐼𝑄𝐸 × 𝐿𝐸𝐸 × 𝐶𝐼𝐸 (Equation 1.5) 
Lastly, commercial devices are rated by their power efficiency or wall-plug efficiency (WPE), 




 (Equation 1.6) 
Most commercial LEDs have their WPE specified in lumens/watts (lm/W) instead of percentages, 
where the maximum efficiency (100%) is defined to be ~330 lm/W for a white LED. To get a feel 
for numbers, currently sold LEDs are rated to be ~100 lm/W. 
LEDs provide many advantages compared to other technologies such as incandescent and 
fluorescent lighting [3]. First, they are much more efficient, and therefore require only a fraction 
of electrical power to operate. They can also be tuned into a variety of colors, made much smaller, 
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resist to external shock and last for decades, much longer than the lifetime of any other technology. 
Their on/off time is also very short, meaning that LEDs can have interesting applications in 
communications, such as Li-Fi technology, and smart lighting, where lights can be dynamically 
turned on or off depending on the location of someone in a given room [8]. 
Device fabrication 
As shown in Fig. 1.5, several major steps are required to form an LED device. The first is 
the growth of the p-n junction structure onto a substrate. Standard microfabrication techniques [9] 
are then used to mainly define the individual devices on the wafer and add metal contacts. These 
include photolithography, deposition and etching. Photolithography uses ultraviolet (UV) light to 
imprint the pattern of a mask onto the wafer coated with a cured photosensitive resist. Deposition 
is adding a layer of material, such as a metal, on the surface of the wafer. Lastly, etching is 
selectively removing an exposed layer of material. The steps for fabricating a simple LED are 
listed in Appendix B. Due to the scale of the structures and their sensitivity to humidity and 
contaminants such as dust, the fabrication process is performed in a cleanroom environment. The 
individual devices can then be diced, and the chips are packaged based on the desired application. 
It is worth noting that device packaging designs are often optimized for light extraction and thermal 
management. 
 
Figure 1.5 – Fabrication steps of an LED. (Source: Yole Développement) 
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1.1.2 Laser Diodes 
The laser diode (LD) is another type of semiconductor optoelectronic device [4], [6]. The 
LD is pumped with electrical current similar to the LED, but lasing conditions are achieved to 
produce stimulated emission. The generated light is therefore of the same wavelength, coherence 
and phase. Radiative recombination in the LED results in spontaneous emission, where the photons 
are emitted randomly. To achieve the lasing conditions, higher bias currents are required to reach 
threshold optical gain, and the LD structure needs to include an optical cavity for feedback. 
1.1.3 Photodiodes 
Photodetectors convert light into electrical current [6]. Similar to the LED, the photodiode 
is a p-n junction, but operating in reverse bias, such that an impinging photon with sufficient energy 
will create an electron-hole pair. The electric field applied on the depletion region will cause the 
holes and electrons to separate and move towards the anode and cathode, respectively, resulting in 
a photocurrent. A p-i-n structure is often used to increase the depletion region, resulting in faster 
response time by promoting the absorption process. While photodiodes are optimized for light 
detection and sensing, solar cells are based on a similar principle to convert the absorbed light into 
electrical energy. 
1.2 Bandgaps and Heterojunctions 
1.2.1 Overview 
Based on the electronic band structure theory of solids, electrons in semiconductors and 
insulators are confined in the valence band and when enough energy is provided can transition to 
the conduction band. As was mentioned, the forbidden region between the valence and conduction 
bands is referred to as the bandgap. The bandgap is important for optoelectronic materials, as it 
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dictates the charge carrier and photon interactions and transitions. For example, in LEDs, the 
energy of the emitted photons will correspond to the bandgap of the semiconductor material in the 
active region. Typically, insulators have a larger bandgap than semiconductors, such that the 
transition for electrons to the conduction band, thus allowing current conduction, is difficult. This 
however does not truly distinguish these two classes of materials. Materials that have a large 
bandgap (greater than a few eV of energy), but with tunable conductive properties by for example 
doping, are known as wide-bandgap semiconductors. 
1.2.2 Varshni’s Empirical Equation 
The bandgap energy of a semiconductor varies with temperature, and can be described by 
Varshni’s empirical equation, shown in Equation 1.7 [10]. 
𝐸𝑔(𝑇) =  𝐸𝑔(0) −  
𝛼𝑇2
𝑇+𝛽
 (Equation 1.7) 
T is the temperature (K), Eg(T) is the bandgap energy at a given temperature (eV), Eg(0) is the 
bandgap energy at 0 K (eV), and α and β are the Varshni coefficients (in eV/K and K, respectively). 
From this equation, it is possible to see that the bandgap energy decreases with increasing 
temperature. The constants Eg(0), α and β are material dependent. Values for these parameters for 
the III-Nitrides have previously been reported [10]–[12]. For example, in the case of GaN, values 
for α range from 0.84 to 1.28 meV/K, β ranges from 737.9 to 1190 K, and Eg(0) ranges from 3.458 
to 3.57 eV. Varshni’s equation can also be used to determine the temperature of a semiconductor 
when the bandgap energy is known or measured by solving for temperature. 
1.2.3 Direct and Indirect Bandgap Semiconductors 
In looking at the band structure of semiconductors, an important distinction that is made is 
whether they have a direct or indirect bandgap. If the momentum of the highest energy state of the 
valence band aligns with the lowest energy state in the conduction band, then then material has a 
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direct bandgap. This distinction is made in Fig. 1.6. Given that recombination requires 
conservation of both energy and momentum to be satisfied, a direct bandgap material is favored 
for optoelectronics. Radiative recombination can occur in indirect bandgap materials but requires 
the absorption or emission of a phonon with momentum matching the difference between that of 
the electron in the conduction band and hole in the valence band. Because of the need for the right 
phonon, the radiative recombination process is slower and is less likely to occur before 
nonradiative recombination, which is why direct bandgap materials are almost always used for 
semiconductor light-emitting devices. This is less of an issue for light-absorbing devices as long 
as the impinging photos have sufficiently high energy to achieve a band-to-band transition. 
 
Figure 1.6 – Schematic of recombination in (left) direct and (right) indirect bandgap 
semiconductors. (Source: APS.org) 
 
1.2.4 Optical and Electronic Bandgaps 
Another distinction between bandgaps relevant for semiconductor optoelectronics is that 
of the optical versus electronic bandgap. The difference is negligible for most inorganic 
semiconductors, where the interaction between the electrons and holes is little. However, when the 
exciton (bound electron-hole pair) binding energy of the material is large, as can be the case for 
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wide-bandgap semiconductors, the optical bandgap energy corresponds to that of a photon and the 
exciton that is created. The electronic bandgap considers the additional energy required to separate 
the electron and hole, allowing for charge transport to occur. 
1.2.5 Heterojunctions 
A heterojunction is formed when two semiconductor materials with unequal bandgaps are 
paired. Heterojunctions can be advantageous in many solid-state device applications, leading to 
the development of room-temperature LDs, quantum-well-based LEDs and high-frequency 
transistors. Heterostructures can be formed by combining multiple heterojunctions. Quantum dot-
based devices are an example of nanoscale heterostructures. Heterojunctions can also exhibit 
interface effects that can be engineered, enabling the development of devices based on two-
dimensional (2D) layered materials and van der Waals heterostructures. The behavior of the 
heterojunction will depend on the alignment of the energy bands at the interface. The three types 
are illustrated in Fig. 1.7, corresponding to a straddling gap (Type I), staggered gap (Type II) and 
broken gap (Type III). 
 




1.3 III-Nitride Materials 
1.3.1 Overview 
Although silicon (Si) is the most commonly used semiconductor in electronics, for 
optoelectronic devices, compound semiconductors, such as from the III-V groups as shown in Fig. 
1.8, are preferred. A subset of the III-V semiconductors are the III-Nitrides, where nitrogen (N) is 
used as the group-V element. GaN, the most commonly used III-Nitride material, has gained great 
interest due to many advantages for electronic and optoelectronic applications [13]. These benefits 
include its direct, wide bandgap of 3.4 eV, useful for LEDs in the visible and UV spectral range, 
and high-power electronics. 
 
Figure 1.8 – Portion of the periodic table showing group-III and group-V materials that are 
compounded to form III-V semiconductors. (Source: hypnocube.com) 
 
The crystal structure of GaN is wurtzite, depicted in Fig. 1.9. Indium nitride (InN) has the lowest 
bandgap of the III-Nitrides at ~0.65 eV. Aluminum nitride (AlN) has a large bandgap energy of 
~6-6.2 eV, making it very relevant for deep-UV applications. 
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Figure 1.9 – Wurtzite crystal structure schematic. (Source: Wikipedia.org) 
 
1.3.2 Alloying 
A distinct advantage of the III-Nitride compound semiconductors is the possibility to form 
alloys, allowing for bandgap engineering over a span ranging from the near infrared to the deep 
ultraviolet. For example, in the case of aluminum gallium nitride (AlGaN), the ternary alloy of 
AlN and GaN, its bandgap can be tuned between 3.4 and 6 eV by varying the composition of 
aluminum. The figure in Appendix C shows this dependence for AlxGa1-xN and other alloys in the 
III-Nitride family. This figure also shows the inverse relation between the bandgap energy of a 
material and its lattice constant. Vegard’s law is a useful empirical equation to describe the lattice 
constant (a) of the resulting alloy based on the composition x, as shown in Equation 1.8. 
𝑎𝐴(1−𝑥)𝐵𝑥 = (1 − 𝑥)𝑎𝐴 + 𝑥𝑎𝐵  (Equation 1.8) 
Taking the weighted mean is however insufficient in determining the bandgap energy of the 
resulting alloy, even as an approximation, and requires accounting for a second order bowing term. 
The table in Appendix D is a useful lookup chart relating AlGaN alloy concentration, bandgap 
energy (Eg) calculated taking into account the bowing effect [6], wavelength (λ) based on Equation 








  (Equation 1.9) 
1.3.3 Boron Nitride 
Boron nitride (BN) is the last of the III-Nitride family and has in recent years become a 
material of great interest because of its unique physical properties and potential to enhance the 
performance and functionality of other material systems and structures. BN can be found in various 
polymorphs [14], as shown in Fig. 1.10. The hexagonal polymorph (h-BN) consists of a stacking 
of boron and nitrogen atoms, where the different layers are bonded by weak van der Waals forces. 
h-BN is therefore a 2D material and has a very similar structure as graphite, which is why BN is 
often referred to as “white carbon”. The cubic polytype (c-BN) is therefore equivalent to diamond. 
Rhombohedral BN (r-BN) is similar to h-BN, but the stacking between the different layers is 
disorganized (random). w-BN has a wurtzite structure, but is a rarer polymorph of BN. 
The synthesis of commercially produced h-BN involves using a boric oxide or acid and a 
nitrogen-containing compound. Following this reaction, an annealing procedure is required to 
remove any residual oxide and to crystallize the obtained amorphous BN. The production of c-BN 
and w-BN involves treating h-BN at high pressure and temperature. c-BN is therefore produced in 
a similar manner as synthetic diamond. The low-pressure thin film growth of c-BN has been 
demonstrated, but with mixed results. As mentioned, w-BN is more difficult to obtain and often 
contains a mix of h-BN and w-BN. BN has high thermal conductivity but low electrical 
conductivity, due to the partly ionic bonds that reduce covalency. This rare characteristic, as well 
as its strong chemical stability (resistance to most acids and wetting from metals) and thermal 
stability (at temperatures >1000 °C), make BN a very attractive material for many applications 
[14]. h-BN, due to the mechanical interlayer interactions, is used in cosmetics and as a lubricant 
in extreme environments such as in space. It can also be pressed and shaped in the form of crucibles 
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for high-temperature applications. c-BN, which has a mechanical hardness comparable to 
diamond, is used as an abrasive and in cutting tools. It has also been widely considered as the next-
generation material for high-power and high-frequency electronics. 
 
Figure 1.10 – Crystal structure schematic of the polymorphs of BN. (Source: [14]) 
 
1.3.4 Hexagonal Boron Nitride 
Fundamental properties 
Many uncertainties still exist in the fundamental material properties of h-BN. Its bandgap 
energy remains under debate, with reports spanning from 5.9 to 6.5 eV. There is also strong 
controversy as to whether h-BN has a direct or indirect bandgap. Some questions also arise when 
discussing h-BN as an insulator in some cases, but as a semiconductor in others. However, 
regardless of these uncertainties that will be discussed throughout this thesis, many characteristics 
of this material are well established based on a variety of methods. 
Transport properties 
A recent study of the transport properties of a thin film of h-BN concluded that it is a space-
charge limited conduction mechanism [15]. A room-temperature mobility is reported of up to 0.01 
cm2·V-1·s-1. This work also mentions that electric fields of up to 100 kV·cm-1 were used in this 
measurement without any dielectric breakdown. As such, h-BN shows favorable electronic 
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properties as a dielectric substrate. In other studies related to the use of h-BN for optoelectronic 
devices, where n- and p-type conduction are necessary, Hall effect measurements are performed 
on Si- and Mg-doped h-BN [16], [17]. Using Mg as the dopant, a room-temperature resistivity of 
~2 Ω·cm, hole mobility of 2-26 cm2·V-1·s-1 and hole concentration of 1018-1019 cm-3 are reported. 
This value of resistivity is six orders of magnitude lower than that of Mg-doped AlN, and the Mg 
activation energy is found to be 30 meV, compared to ~0.5 eV in the case of AlN. Using Si as the 
dopant, n-type properties were however only observed at temperatures above 700 K. In this 
temperature range, a resistivity of ~12 Ω·cm, electron mobility of ~48±24 cm2·V-1·s-1 and electron 
concentration of ~1016 cm-3 are reported. There have also been reports of p-type conduction in Be-
implanted h-BN films obtained by sputtering method [18]. 
Optical properties 
The first evidence of h-BN as a suitable light-emitting material was in 2004, when 
Watanabe, et al. demonstrated cathodoluminescence (CL) at 215 nm [19], as shown in Fig. 1.11. 
The authors attributed this peak to an S-like free exciton absorption and proposed that h-BN 
therefore has a direct bandgap of 5.971 eV. Furthermore, they showed that above a threshold 
electron-beam excitation, the luminescence spectrum of this material starts showing resonance 
peaks similar to a laser. 
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Figure 1.11 – CL spectrum of h-BN showing a luminescence peak at 215 nm. (Source: [19]) 
 
Twelve years later, in 2016, Cassabois, et al. demonstrated photoluminescence (PL) at 215 
nm, but attributed the mechanism to phonon-assisted transitions, as outlined in Fig. 1.12 [20]. They 
attributed all the PL peaks obtained at low temperature to optical and acoustic phonon replicas and 
an indirect exciton. They reported an exciton binding energy ~130 meV by phonon-assisted two-
photon absorption and concluded that h-BN has an indirect bandgap of 5.955 eV. Later in 2016, 
researchers from Texas Tech University published results also from low-temperature PL studies 
(Fig. 1.13), but in this case found that the various short-wavelength peaks match expected excitonic 
transitions in h-BN [21]. As shown in the figure, some of these peaks are attributed to S-series free 
exciton transitions, and the others to D-series impurity-bound (trapped) exciton transitions. 
Furthermore, they added contacts to their material and conducted photocurrent excitation 
spectroscopy measurements [22]. They identify three peaks at 5.39, 5.69 and 6.42 eV at room 
temperature, and correlate with their PL results to construct the energy band diagram shown in 
Fig. 1.14. According to these results, h-BN should therefore have a direct bandgap of 6.42 eV with 
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a free exciton binding energy and bound exciton binding energy ~0.73 eV and 0.20 eV, 
respectively. Other theoretical and recent experimental reports propose an indirect to direct 
bandgap crossover for monolayer (ML) BN [14], [23], [24]. The variations of the calculated band 
structure of h-BN showing this direct bandgap crossover is shown in Fig. 1.15.  
 
Figure 1.12 - Low-temperature PL spectrum of h-BN, highlighting the various phonon-assisted 
transitions for every observed luminescence peak at around 215 nm. These include acoustic and 
optical phonons in the longitudinal and transverse directions, as well as an indirect exciton 
(marked by iX). (Source: [20]) 
 
 
Figure 1.13 – Low-temperature PL spectrum of h-BN, with various S and D series exciton 




Figure 1.14 – Proposed energy band diagram of h-BN based on PL and photocurrent excitation 
spectroscopy measurements. The bandgap, and free and bound exciton binding energies are 
marked as Eg, EX and EBX, respectively. (Source: [22]) 
  
 
Figure 1.15 – Calculated band structure of varying layers of h-BN. (Source: [24]) 
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Defect-induced transitions have also been studied in h-BN. Attaccalite, et al. have modeled 
the effect of point defects in h-BN [25], and Fig. 1.16 shows the different predicted defect-induced 
transitions. Growth-related defects can lead to such transitions. For example, the commonly 
observed 5.3 eV luminescence peak in h-BN has been attributed to a quasi-donor-acceptor pair 
transition, from a nitrogen vacancy level near the conduction band minimum to the acceptor level 
above the valence band maximum [26]. 
 
Figure 1.16 – Calculated band structures of h-BN showing defect-induced transitions due to 
carbon impurities, and B, N and BN vacancies obtained from a theoretical study. (Source: [25]) 
 
Relevant applications 
Due to its crystalline structure, h-BN can be the perfect 2D insulator with an atomically 
smooth surface. This property makes it suitable for van der Waals epitaxy [20], [27] and as a 
substrate for the growth of other 2D materials such as graphene [28]–[30]. 
h-BN as a wide-bandgap semiconductor has many promising applications in deep-UV 
photonics. In particular, owing to its large bandgap energy comparable or higher than Al(Ga)N, h-
BN can be used to form heterostructures to address some of the critical challenges of Al(Ga)N-
based systems, allowing for better device performance and efficiency. Indeed, h-BN is compatible 
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with (wurtzite) Al(Ga)N (both III-Nitride materials), has a band alignment and separation that 
favor carrier injection and confinement, and is reported to have a lower acceptor energy and higher 
free hole concentration [16], [17]. Regarding lattice matching with AlN, as shown in Fig. 1.17, 
while there is a mismatch of ~20% along the a-direction, four a-lattice constants of AlN is very 
close to five a-lattice constants of h-BN. As such, a 5/4 alignment can occur at the interface, 
reducing to an effective lattice mismatch to ~0.6% [16]. 
 
Figure 1.17 – Lattice matching between wurtzite AlN and h-BN, showing a 5/4 alignment at the 
interface. (Source: [16]) 
 
To make use of h-BN thin films for either 2D heterostructures or deep-UV applications, 
the controllable growth of this material on a wafer scale becomes necessary. In that regard, to 
elucidate some of the important questions around this material, it becomes critical to understand, 
control and possibly even engineer the defects in these h-BN thin films. Moreover, a different 
research avenue has been to explore ternary compounds of BN, GaN and AlN to form BGaN and 
BAlN. Currently, only very low compositions of B can be used for the alloy not to be compromised 
by strain-induced defects, and segregation and phase separation effects [31], [32]. Lastly, there has 
been research on zero-dimensional (0D) h-BN quantum dots [33]–[35] and one-dimensional (1D) 
nanotubes as well [36]–[38]. 
 22 
1.4 Brief History of III-Nitride LEDs 
Early development of epitaxial GaN began in the 1970s and 1980s [39], [40]. By the 1990s, 
revolutionary GaN LED improvements were achieved by Akasaki and Amano at Nagoya 
University, and high-brightness InGaN LEDs were demonstrated by Nakamura then at Nichia 
Corporation. These three scientists were awarded the 2014 Nobel Prize in Physics “for the 
invention of efficient blue light-emitting diodes which has enabled bright and energy-saving white 
light sources” [41]. Since then, several breakthroughs were made in the field of III-Nitride LEDs. 
In 2006, researchers at NTT Corporation demonstrated the first AlN deep-UV LED emitting at 
~210 nm [42]. Shown in Fig. 1.18 are (a) the structure, (b) electroluminescence (EL) spectrum and 
(c) I-V characteristics of the LED and an equivalent metal-insulator-semiconductor (MIS) device. 
The device structures were grown on a thick AlN buffer layer on silicon carbide (SiC) substrate. 
It can be noticed that an AlN/AlGaN superlattice (SL) contact layers were included to form the 
ohmic contacts. These are however only semitransparent and will absorb some of the photons 
emitted from the AlN active region. Other than the near-band-edge emission at ~210 nm, a peak 
at ~230 nm is measured from the LED and is attributed to emission from the Mg impurity level in 
the p-type AlN layer. The authors also report a broad emission peak ~400 nm attributed to the Si 
impurity level in n-type AlN. Importantly, while the device exhibits the diode rectification 
behavior, the turn-on voltage is greater than 20 V. This value is unusually high, considering that 
the bandgap energy of AlN is ~6 eV, and is due to the poor doping characteristics of AlN epilayers, 
resulting in poor electrical efficiency. The output power at ~210 nm was reported to be ~20 nW at 
a current of 40 mA [42]. 
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Figure 1.18 – (a) Schematic of the first AlN LED device structure. (b) EL spectrum of this AlN 
LED and an equivalent MIS structure. (c) I-V characteristics of these devices. (Source: [42]) 
 
More recently, III-Nitride nanostructures such as nanowires (nanocolumns) have been a 
topic of research. The first InN near-IR LED was demonstrated in 2014 by my predecessors while 
at McGill University [43]. Our group also demonstrated the first AlN LED by using nanowires in 
2015 [44]. Shown in Fig. 1.19 are (a) the structure, (b) emission spectrum and (c) I-V 
characteristics of this AlN nanowire LED. As can be seen, these nanowires are grown on Si 
substrate. In order to promote the formation of AlN nanowires, a GaN nanowire template is first 
grown. EL at ~210 nm is measured, similar to the planar LED device. However, in this case the 
turn-on voltage is ~6 V, which is much lower than that of the planar LED device, and only limited 
by the bandgap energy of AlN. As such, the electrical efficiency of this device is much higher. 
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Figure 1.19 – (a) Schematic of the AlN nanowire LED on Si substrate. (b) EL spectrum and 
current dependence of the output power of the LED device. (c) I-V characteristics of the LED 
device. (Source: [44]) 
 
1.5 III-Nitride Nanowires 
As their name states, nanowires are structures with at least one dimension (typically the 
diameter) in the nanoscale (10-7 to 10-9 meters). Given the nearly-1D nature of nanowires, as well 
as the advancement of their growth processes resulting in high-quality structures, nanowires are 
generally considered to be dislocation-free [45]. Due to lateral strain relaxation, a significant 
advantage is that they can therefore accommodate large lattice mismatches, even allowing direct 
growth on desirable substrates such as Si [46]. The concept of critical layer thickness that limits 
thin-film growth is not nearly as significant in the case of nanowires. Nanowires can be formed 
using either top-down or bottom-up approaches [46]. In the former case, a pattern is defined, and 
a selective etching process is used to define the desired nanostructures from a planar structure. In 
the latter, the nanowires are grown directly on a substrate by either using a catalyst or by 
controlling their nucleation. The bottom-up approach is used for the work presented in this thesis. 
A very important advantage of nanowires for light emitting applications is improvements 
in terms of light extraction, owing to the large surface-to-volume ratio of the structures [47]. Kuo 
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et al. have performed detailed studies on the effect of the nanowire diameter on the LEE [48]. They 
report a high LEE of ~80% for a device emitting at 460 nm, without using a back reflector or thin 
films. 
Due to these benefits, both the IQE and LEE of the nanowires can be higher than their 
planar counterparts. A significant issue however is the low CIE due to pronounced nonradiative 
surface recombination. This can be successfully addressed by forming a core-shell structure, where 
the shell consists of a wider-bandgap material that can effectively passivate the nanowire lateral 
surface [49]. 
1.6 Deep-Ultraviolet Light Emitters 
1.6.1 Applications 
As shown in Fig. 1.20, deep-UV light sources are important for a broad range of 
applications [50]. This includes disinfection of harmful microorganisms such as bacteria and 
viruses from surfaces and for water purification, sterilization of medical equipment, fluorescence 
for bio and chemical sensors, spectroscopy for scientific research, high-density optical storage, 
and improvements in photolithography as part of the microfabrication process.  
 
Figure 1.20 – Applications requiring deep-UV light sources. (Source: courtesy of Nick Pant, 
University of Michigan) 
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The current technologies that are used to generate deep-UV light are mercury-vapor lamps and 
excimer lasers, which are however costly, bulky, inefficient and toxic. They also suffer from short 
lifetimes and instability. The development of solid-state deep-UV light sources is therefore highly 
attractive, as these are the only alternative to displacing these current technologies. Developing a 
solid-state alternative would also enable new technologies other than UV LEDs and LDs, including 
solar-bling photodetectors, integrated UV photonics and high-power electronics [51]. 
1.6.2 Al(Ga)N-Based Devices 
The UV range can be subdivided into UV-A (315-400 nm), UV-B (280-315 nm), UV-C 
(100-280 nm), up until the extreme UV range approaching X-rays [3]. Wavelengths below 300 nm 
are considered to be in the deep-UV range [52]. Many of the mentioned applications require 
emissions in the deep UV, making it crucial to develop LEDs with emissions in the 200-nm range. 
To get deep-UV emission, semiconductor materials with a wide bandgap must be used, including 
AlGaN with high Al composition, with the extreme case being AlN. 
Significant progress has been made in the development of AlGaN-based LEDs emitting in 
the UV-A and UV-B spectral ranges [51], [53]. However, as can be seen from Fig. 1.21, the 
quantum efficiency of the reported devices drops drastically <250 nm [54]. 
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Figure 1.21 – Status of UV LEDs in terms of emission wavelength and quantum efficiency. 
(Source: [54]) 
 
Figure 1.22 is a schematic of the AlGaN-based UV LED fabricated at Riken, which is 
representative of the currently adopted design for short-wavelength UV LEDs [5]. It consists of a 
thick (~4 µm) undoped AlN buffer layer grown on sapphire, followed by a thick (~2 µm) Si-doped 
n-AlGaN buffer. The active region is formed by AlGaN multiple quantum wells (MQW) with 
higher Al composition in the barriers (~7 nm) than in the wells (~1-2 nm) for effective carrier 
confinement, similar to InGaN/GaN MQW LEDs in the visible spectral range [3]. The quantum 
wells are kept thin to suppress effects from piezoelectric fields [3]. The active region is then capped 
with an undoped AlGaN barrier (~20 nm) and a Mg-doped electron blocking layer (EBL) of ~15 
nm. A thin (~10 nm) Mg-doped p-AlGaN layer and a ~20-nm-thick p-GaN contact layer are on 
top. Metal contacts are added to the p-GaN and n-AlGaN layers. 
It is worth noting that a flip-chip configuration is often used for UV LEDs, such that the 
emission is collected through the substrate [5]. Reasons include to avoid absorption of the photons 
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by the p-GaN contact layer, and to prevent the metal contacts from blocking the light. However, it 
can be expected that some photons will be lost in the lower-quality and thick AlGaN and AlN 
buffer layers, and from TIR. Furthermore, because of challenges in Mg doping and poor hole 
transport (discussed in the subsequent section), the p-layers need to be kept thin, which leads to an 
asymmetry in the structure, resulting in poor electrical properties [55]. Because these limitations 
become increasingly severe with higher Al composition, the UV LED EQE decreases with shorter 
wavelengths as was shown in Fig. 1.21. 
 
Figure 1.22 – Schematic of a commonly used design for UV LEDs. (Source: [5]) 
 
1.6.3 Challenges 
Large dislocation densities 
A primary cause of dislocations in III-Nitride materials originates from the lack of cost-
effective and large-scale bulk substrates, requiring the use of lattice mismatched sapphire or SiC 
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[3]. This results in strained layers that lead to dislocations when relaxed above a critical thickness 
[56], as shown in Fig. 1.23. 
 
Figure 1.23 – Cross-sectional microscope image of AlGaN grown on SiC, highlighting the 
dislocations due to lattice mismatch. (Source: [57]) 
 
Dislocation densities have the effect of decreasing device efficiency, specifically the IQE, as 
shown in Fig. 1.24 [3]. While GaN is more tolerant to an increase in dislocation densities compared 
to III-As and III-P materials, as shown in this figure, the radiative efficiency is nevertheless 
reduced. 
Techniques such as patterned substrates and thick buffer layers to promote epitaxial lateral 
overgrowth (ELO) [58] have been successful in mitigating some of the issues, resulting in a record 




Figure 1.24 - Reduction of the radiative efficiency with an increase in etch pit density acting as 
dislocations. (Source: [3]) 
 
Poor light extraction 
As was discussed, the LEE is one of the contributing factors of EQE. While the two-band 
model of a semiconductor is useful, it is an oversimplification of the actual band structure and 
neglects certain effects. In the case of GaN, for example, a more accurate visualization of the 
energy bands is shown in Fig. 1.25. While the conduction band (C) remains similar, the valence 
band separates into the heavy hole (HH), light hole (LH) and crystal-field split-off bands (CH) [6]. 
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Figure 1.25 – Band structure of wurtzite GaN, showing the splitting of the valence band into the 
HH, LH and CH bands. (Source: [6]) 
 
The light that is emitted from GaN is mainly transverse-electric (TE) polarized [59]. This 
means that the electrical field vector is perpendicular to the c-axis, therefore light propagates in 
the vertical direction and can escape through the substrate or surface of the device [60], [61]. In 
the case of AlN, the band structure is different since the HH and CH band cross over and the CH 
band becomes closer to the conduction band [62]. This effect is also true for AlGaN with increasing 
Al mole fractions [50], as shown in Fig. 1.26 [63]. This rearrangement is significant, because it 
changes the polarization of emitted light from TE to transverse-magnetic (TM). TM polarized light 
means that it is the electric field is now parallel to c-axis, with the light mainly propagating in the 
lateral direction. TM polarized light is therefore harder to emit from the surface escape cone, which 
would cause the LEE of the LED to decrease [60]. This change in the optical polarization of 




Figure 1.26 – Degree of polarization P as a function of Al content in AlGaN alloys, showing a 
transition from predominantly TE to TM polarized light with increasing Al composition. A 
decrease in P is indicative of stronger TM polarization. (Source: [63]) 
 
Lack of heterostructures 
Electron overflow is an undesired process where the injected electrons escape the active 
region, or never enter it altogether, and go straight into the p-region. Then, even if they recombine, 
it will most likely be nonradiative [64]. Electron leakage and overflow have been identified as 
leading causes of efficiency droop [65]. Efficiency droop is a phenomenon where the efficiency 
of the LED drops significantly at high injection currents. This issue severely limits the fabrication 
of efficient high brightness LEDs that require high injection currents. For InGaN LEDs, a wider 
bandgap AlGaN electron blocking layer has shown to dramatically reduce carrier leakage and 
overflow [66]. This is shown in Fig. 1.27. However, for AlGaN devices, especially with higher Al 
compositions, an even wider bandgap material is unavailable to form this EBL. 
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Figure 1.27 – Schematic of the conduction band of an LED device, highlighting the overflow of 
injected electrons, and the addition of an electron blocking layer. (Source: [5])  
 
It is worth noting that in the case of nanowires, the lack of heterostructures raises the issue 
of surface recombination. Even though the IQE of a nanowire LED can be much higher than its 
planar counterpart, due to a reduction in defect densities, the poor CIE becomes a major bottleneck. 
This efficiency can be very low for nanowire LEDs (<10%) while it is near unity for conventional 
quantum well devices [49]. Low carrier injection is due to the large surface-to-volume ratio of 
nanowires, causing significantly enhanced surface recombination, which is mainly a nonradiative 
process. Due to the lost carriers at the surface, there are less carriers available in the active region 
for radiative recombination. This has previously been successfully mitigated for InGaN-based 
nanowire LEDs by employing a core-shell structure to effectively passivate the nanowire surface 
[49]. The shell material needs to have a larger bandgap to avoid absorbing the generated photos. 
This once again becomes difficult or impossible when the active region is already composed of a 
wide-bandgap material. 
Inefficient p-type doping and hole transport 
Compared to electrons, the transport of holes is especially problematic for two reasons. 
First, the concentration of holes is generally lower because of issues related to p-doping the 
material. In the case of GaN, even if high concentrations of Mg are achieved, the mobility of the 
 34 
carriers will severely decrease due to impurity scattering [5]. Second, holes have a lower mobility 
than electrons, due to their increased effective mass [6]. This asymmetry between the transport 
properties of electrons and holes is identified as an important source for electron leakage and 
overflow [67], [68]. 
Additional challenges arise with p-type AlGaN, since the acceptor energy level of Mg 
increases with Al composition [69], as shown in Fig. 1.28, making it a much less efficient dopant 
at room temperature. Mg also becomes increasingly difficult to incorporate when growing 
Al(Ga)N at higher growth temperatures, given that Mg is a high vapor pressure material that will 
therefore desorb easily before incorporating into the structure [5], [51]. 
 
Figure 1.28 – Mg-dopant activation energy in p-doped AlGaN with varying Al composition. 
(Source: redrawn based on [69]) 
 
From a device perspective, forming an ohmic p-contact to a wide-bandgap material is yet 
another challenge. Deep-UV LEDs are therefore designed to include a lower composition (Al)GaN 
p-contact layer [42]. This facilitates carrier injection but causes some of the emitted photons to be 
absorbed. 




























1.6.4 Al(Ga)N Nanowires 
Taking the case of the AlN nanowires as an example, the scanning electron microscope 
(SEM) image in Fig. 1.29(a) shows a forest of free-standing axial nanowires grown on Si substrate. 
Transmission electron microscopy (TEM) studies of these nanowires reveal that they are nearly 
strain and dislocation free (Fig. 1.29(b)) [70]. As such, a high IQE is expected. This is supported 
by the relatively strong PL intensity of such nanowires at a wavelength ~210 nm [71]. Furthermore, 
it is found that although the emitted light is TM polarized, it is predominantly emitted from the top 
surface of the sample due to strong light scattering effects, resulting in a high LEE [72]. 
 
Figure 1.29 – (a) SEM image of free-standing AlN nanowires on Si substrate. (Source: [44]) (b) 
TEM image focusing on a single AlN nanowire, with the arrow showing the growth direction. 
(Source: [44], [70]) 
 
In terms of p-type doping, free hole concentrations up to 6×1017 cm-3 have been measured 
at room temperature in Mg-doped AlN, as compared to ~1010 cm-3 for AlN epilayers [73]. The 
derived Mg-dopant activation energy in these nanowires is determined to be 20-200 meV, which 
is lower than that reported for AlN epilayers (500-600 meV). It is determined that these effects 
stem from efficient hope hopping conduction in the Mg impurity band that is formed in p-type 
AlN nanowires [73]. 
 36 
Using a similar approach, AlGaN nanowires have also been achieved with tunable deep-
UV emission by controllably varying the growth parameters [74]. Figure 1.30 shows the PL 
spectrum of such self-organized AlGaN nanowire samples with emission spanning the entire UV 
range by varying the substrate temperature during growth. From there, AlGaN nanowire LEDs 
have been demonstrated with tunable emission [74], including tunnel-junction nanowire LEDs 
operating in the UV-C band with enhanced output power [75]. Furthermore, electrically injected 
AlGaN nanowire UV lasers have also been demonstrated based on a similar approach [76]–[78]. 
 
Figure 1.30 – PL spectra of AlGaN nanowire samples grown using different substrate 
temperatures. (Source: [74])  
 
Moreover, through the controlled coalescence of AlGaN nanowire arrays grown using a 
selective area epitaxy approach on a pattered GaN template on sapphire substrate, a nearly-
dislocation-free planar (quasi-film) surface can be achieved [79]. This is shown in Fig. 1.31. 
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Figure 1.31 – Schematic of an AlGaN quasi-film structure formed by coalescing nanowires 
grown by selective area epitaxy. It is found that the dislocations from the lattice mismatch can be 
terminated with the lateral broadening and coalescence of the nanowires. (Source: [79]) 
 
1.6.5 h-BN-Based Light Emitters 
As discussed, h-BN has unique properties that make it very promising for UV light emitting 
devices. It is the thinnest insulating material with a large bandgap energy ~6 eV. It can be 
synthesized with atomically smooth surface with minimal dangling bonds and charge traps, which 
is why it has been used as a substrate for other 2D materials. It can be used to form heterostructures 
with Al(Ga)N. There have been reports of CL and PL, demonstrating that it is a good light emitter. 
In that regard, it is even expected that the emitted light would be TE polarized, minimizing light 
extraction issues. While theoretical calculations give it an indirect bandgap, such that 
luminescence occurs from phonon-assisted transitions, recent reports indicate that monolayer BN 
may have a direct bandgap. 
To date, however, the growth of high-quality, wafer-scale h-BN remains elusive. Some 
hybrid h-BN/Al(Ga)N structures have been previously reported [16], but without success in 
achieving EL from these structures. 
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1.7 Current Approaches for Growing Wide Bandgap III-Nitrides 
1.7.1 AlN Substrates 
Ideally, single-crystalline bulk AlN substrates would be used for building UV LED 
structures to minimize the lattice mismatch concerns. While the bulk growth of AlN has been 
developed and commercialized [80]–[83], resulting in 104 to 106 times fewer dislocations, their 
usability is limited by very high costs and small diameters. Furthermore, although the structural 
quality of this material is excellent, the optical properties are found to be lacking, including poor 
UV transparency. This is attributed to point defects and impurities being introduced during the 
physical vapor transport (PVT) process to grow AlN, where a heated solid source is sublimated at 
extreme temperatures (>2000 °C) onto a colder seed crystal [84], [85]. An alternative approach 
would be hydride vapor phase epitaxy (HVPE) [86], similar to how bulk GaN wafers are grown 
[87]. 
1.7.2 Growth of Al(Ga)N 
In terms of epitaxial growth, where crystalline layers are grown over a similarly crystalline 
underlayer with a preservation of long-range order, most Al(Ga)N work has been achieved by 
metal-organic chemical vapor deposition (MOCVD). This technique is sometimes also called 
metal-organic vapor phase epitaxy (MOVPE). In this process, metalorganic precursors chemically 
react with the heated substrate to achieve growth [88]. This is a scalable process suitable for large 
area substrates. However, because of the growth on lattice mismatched substrates such as sapphire, 
thick buffer layers are required to reduce threading dislocation densities. This is shown in Fig. 
1.32. Other techniques include the growth on patterned sapphire substrates (PSS) using ELO, such 
that the initial islands coalesce into a film [51], [89]. The control of doping, requiring the activation 
of Mg dopants, and unwanted impurities and second secondary reactions in the chamber have 
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become limiting factors of this process, particularly for Al-rich AlGaN. Nonetheless, due to the 
current limitations and infancy of other techniques such as molecular beam epitaxy (MBE) for the 
growth of wide bandgap III-Nitrides, MOCVD is at this time the technique used to achieve the 
highest efficiency AlGaN LEDs [53], [58], including the 275 nm emitting device with an EQE 
higher than 20% [90]. 
 
Figure 1.32 – Schematic of the growth steps of AlN on sapphire by MOCVD in order to achieve 
lower dislocation densities. (Source: [58]) 
 
1.7.3 Synthesis of h-BN 
Most of the research involving h-BN as a 2D material is realized by exfoliation, where high 
quality flakes are thinned down either mechanically or chemically and transferred onto a carrier 
wafer. This process is however not scalable. Other reported methods include sputtering, chemical 
vapor deposition (CVD) and MOCVD [91]–[93]. This is shown in Fig. 1.33. Sputtering requires a 
subsequent annealing step to crystallize the deposited h-BN, and lacks controllability in thickness 
and nucleation of the material. CVD has been a promising method for the synthesis of single and 
few layers of h-BN on a variety of substrates. This technique is however not well suited for the 
growth of the other III-Nitride materials, such that heterostructures and devices cannot be 
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achieved. While h-BN growth has been demonstrated by MOCVD, there are similar challenges as 
for AlGaN. Furthermore, defects such as nitrogen vacancies and carbon impurities limit the h-BN 
material quality grown by MOCVD [26]. As such, while h-BN/Al(Ga)N heterojunctions have been 
demonstrated using this method (see Fig. 1.34) [16], including diodes, EL from such 
heterostructures has yet to be achieved [17], [94]. 
 
Figure 1.33 – Schematic of the various techniques used for the synthesis of h-BN monolayers 
and/or thin films. (Source: constructed using figures from [91]–[93])  
 
 
Figure 1.34 – Flat-band energy diagram of an AlN and h-BN heterojunction. (Source: [16])  
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1.7.4 Thermal Annealing 
In order to improve the crystalline quality of wide-bandgap semiconductors, thermal 
annealing of samples post-growth is sometimes performed. This process causes a recrystallization 
of the epilayers and the rotation of the different grains to achieve longer-range ordering [95], [95], 
[96]. However, this process can become less effective for thicker films. Furthermore, this high-
temperature annealing process can at the same time degrade certain material properties, for 
example by causing surface roughening [97]. 
1.8 Dissertation Overview 
The objective of the work presented in this thesis is to develop platforms for the next 
generations of deep-UV optoelectronic devices, by attempting to answer and address the 
challenges described in this first chapter. Chapter 2 is an overview of the growth and 
characterization methods that were employed to conduct the experiments presented in the 
subsequent chapters. Improving the growth process of AlGaN with higher Al compositions to 
obtain superior material quality is the outcome of Chapter 3. This work was published in the 
Journal of Crystal Growth [98]. In conducting that work, it was found that the underlying AlN 
template quickly became a bottleneck. As such, Chapter 4 presents a novel AlN on sapphire 
growth approach using a cycled in situ annealing process. At the time of writing, this work has 
been just accepted for publication in Applied Physics Letters. Based on the previously developed 
AlN nanowire homojunction LED, and the promising characteristics of BN as a deep-UV 
transparent p-type material, Chapter 5 is the first demonstration of an Al(Ga)N/h-BN 
heterojunction LED with enhanced device performance. This work was published in Nano Letters 
[99]. Given these promising results of h-BN, it was then decided to look into the high-quality 
wafer-scale growth of this material. Its structural and optical characteristics were compared to 
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theoretical calculations to help understand some of its fundamental properties, as detailed in 
Chapter 6. This work was published in Optics Express [100]. Chapter 7 expands on the studies 
of the material grown in the previous chapter, resulting in the first LED with h-BN 
electroluminescence. Finally, Chapter 8 proposes future work extending from the results of this 
thesis. This includes means to further optimize Al(Ga)N epilayers for high-efficiency deep-UV 




Chapter 2 Methods 
 
2.1 Overview 
A variety of methods are required for the growth and characterization of wide bandgap III-
Nitrides. This chapter provides an outline of the experimental techniques that were used in the 
subsequent chapters of this thesis. The benefits and reasons for selecting these methods are 
highlighted. It is worth noting that many of these techniques are not limited to III-Nitride thin films 
and nanostructures, but the discussions focus on these specific uses. 
2.2 Molecular Beam Epitaxy 
2.2.1 Working Principle 
In MBE, molecular/atomic beams from heated sources are directed towards a substrate in 
ultra-high vacuum (UHV). The 10-3 to 10-6 Torr pressure range is considered high vacuum, and 
the 10-9 to 10-12 Torr range is UHV. Table 2.1 outlines the physical properties at these different 
pressure ranges. The main need for UHV in MBE is to obtain a sufficiently long mean free path 
so that the individual molecular beams only interact once converged onto the substrate. A 
secondary but desired reason is to eliminate unwanted impurities and residual gases that can 
deposit on the substrate during the growth process, resulting in the highest purity materials. 
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Table 2.1 – Summary of gas molecule properties at various pressure levels, from atmospheric 
pressure to UHV. (Source: Agilent Technologies) 
 
 
Unlike MOCVD where a chemical reaction occurs, MBE is a physical deposition method 
where the crystal growth takes place on the heated substrate through an interplay of 
thermodynamics and surface kinetics, as illustrated in Fig. 2.1 [101]. While MBE is not in 
thermodynamic equilibrium, the miscibility of various materials, such as dopants, and whether 
alloys can grow without phase separation are part of the thermodynamic considerations [102], 
[103]. Since MBE effectively occurs one atomic layer at a time, the surface effects of the adatoms, 
such as nucleation, diffusion, adsorption and desorption therefore dictate how the layers are grown. 
The three primary modes of epitaxial growth are Frank-van der Merwe, Stranski–
Krastanov and Volmer-Weber [104]. In the Frank-van der Merwe mode, adatoms attach to the 
surface such that the growth is layer-by-layer (2D), which is the ideal mechanism for thin films. 
The Volmer-Weber mode forms isolated islands, since the interactions between adatoms are 
stronger than with the surface. This three-dimensional (3D) growth process is useful to form 
nanowires. The Stranski–Krastanov mode is an intermediary layer-plus-island process that begins 
with a wetting layer that is strained and above the critical thickness will transition to an island-
based growth. Semiconductor quantum dots form through this mechanism [105]. 
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Figure 2.1 – Illustration of the various adatom behaviors and surface interactions during the 
growth process. (Source: Technische Universität Kaiserslautern) 
 
2.2.2 System Configuration 
A schematic of a typical MBE growth chamber is shown in Fig. 2.2(a). The primary 
components include the substrate heater (up to ~1000 °C), which as mentioned is necessary for 
crystalline growth, the substrate manipulator that continuously rotates in the azimuthal direction 
(CAR) to promote uniform temperature and growth, and a reflection high-energy electron 
diffraction (RHEED) system for in situ monitoring that will be described in a following section. 
Other than the UHV pumps, such as cryopumps and ion pumps, the chamber is surrounded by 
cryopanels filled with liquid nitrogen that provide cooling, both to eliminate thermal crosstalk 
between sources and act as a pump for residual gasses in the chamber. Ionization Gauges are used 
to measure the low pressure (high vacuum) inside the chamber. In order to maintain the UHV 
integrity, samples are loaded and baked (~200 °C) in a separate load-lock, and then further 
outgassed (~600 °C) in the preparation chamber prior to being transferred to the growth module. 
Importantly, the sources are equipped with individually controlled shutters that can blank the beam 
from each source. The shutter actuation time is less than 1 second, which is on the same order or 
faster than the growth time of a monolayer. 
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For the growth of III-Nitrides, the group-III materials (Al, Ga, In) and dopants (Si, Mg) are 
each loaded in their high-purity (99.9999% or higher) elemental form into the crucible of a 
Knudsen cell, shown in Fig. 2.2(b), which is an effusion evaporator. The crucibles are almost 
always made of pyrolytic boron nitride (PBN), a high-temperature and chemically resistant 
ceramic. Each effusion cell can be controllably heated until the material sublimates forming the 
molecular or atomic beam. A higher source temperature will increase the beam flux, with the 
ranges varying based on the vapor pressure of the specific materials. Because nitrogen is stable in 
the form of N2 gas, the MBE systems used in this work are radio-frequency (RF) plasma assisted. 
They are equipped with a plasma source, which takes in ultra-high-purity N2 gas (6N purity) and 
generates active radicals (N*) that can contribute to the growth reaction. 
 
Figure 2.2 – (a) Schematic of the growth chamber of an MBE system. (Source: Wikipedia.org) 
(b) Schematic of an effusion source for MBE. (Source: Veeco Instruments Inc.) (c) Schematic of 
an e-beam evaporator. (Source: University of Cambridge) 
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The two commercial MBE systems used for the works presented in this thesis are the Veeco 
GEN 930 and Veeco GENxplor, pictured in Fig. 2.3. The former is a traditional plasma-assisted 
system for III-Nitride growth. The latter is additionally equipped with an ultra-high temperature 
(UHT) substrate heater (rated up to 1850 °C) and an integrated e-beam evaporator (see Fig. 2.2(c)) 
as a source for high-temperature materials such as B that are incompatible for use in traditional 
effusion cells. Unlike the resistive heater of the effusion cell, an e-beam evaporator focuses an 
electron beam onto a target material causing it to locally heat up to high temperatures and evaporate 
or sublimate. 
 
Figure 2.3 – Photographs of the Veeco GEN 930 (left) and GENxplor (right) systems used to 
conduct the sample growths as part of this thesis. 
 
2.2.3 Growth Parameters 
As mentioned, the substrate temperature (also referred to as the “growth” temperature) is 
essential for crystalline growth. Otherwise, the materials would simply deposit onto the substrate 
in polycrystalline or amorphous form. The UHT heater adds the possibility of annealing the grown 
materials while in the chamber. The nitrogen flow and RF power of the plasma source define the 
contribution of active nitrogen at the substrate surface. The beam fluxes, controlled by the 
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temperature of the effusion cells or the e-beam emission current, define the rate of the other atoms 
reaching the substrate. As such, it is possible to control whether the growth is N-rich, metal-rich 
or close to stoichiometric. Lastly, the growth duration maps to layer thickness based on a calibrated 
growth rate under given conditions. It is therefore important to realize that only a handful of 
parameters can be varied in MBE growth. 
2.2.4 Benefits of MBE 
Based on the working principles of MBE, several benefits of using this method become 
apparent especially for the growth of wide-bandgap semiconductors. The UHV environment and 
high purity sources produce materials with the least amount of unwanted impurities. These can 
result in trap states leading to nonradiative or defect-related transitions between the conduction 
and valence bands. The vacuum environment also allows for in situ monitoring, such that certain 
growth parameters can even be dynamically adjusted as the growth progresses. The relatively 
slower growth rates and shutter actuation times allow for atomic layer precision, useful in forming 
abrupt or controlled interfaces. MBE has also had better results in the p-type doping of Al-rich 
AlGaN. MBE is a scalable process, where recipes can be transferred from research-grade chambers 
to production systems that can handle larger substrates and have multi-wafer throughput. Last, in 
the case of III-Nitride growth, none of the source materials are toxic, nor are there any hazardous 
residues from the growth reaction. For these reasons, MBE should in principle be an ideal method 
for the growth of Al(Ga)N and BN. 
2.2.5 Challenges of MBE 
While MBE growth promises superior material quality, thus far this has not been the case 
for the wide bandgap III-Nitrides. Limitations include the conventional substrate heater 
temperature capabilities [97] and difficulty in evaporating B for controlled BN growth [106]. With 
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comparatively slower growth rates, it is also more challenging to grow thick buffer layers on lattice 
mismatched substrates. The growth of wide bandgap AlGaN [107] and h-BN [108] by MBE has 
also not been as extensively studied compared to MOCVD and CVD, respectively. 
2.3 In Situ Characterization 
2.3.1 Reflection High-Energy Electron Diffraction 
As mentioned, the MBE growth chamber can be equipped with a RHEED system, 
consisting of an electron gun and phosphor screen on the opposing end. The gun is oriented at a 
very shallow glancing angle with respect to the sample, making RHEED a very sensitive surface 
monitoring technique [109]. The high-energy (~15 keV) electrons reflect off substrate surface and 
strike the screen displaying the diffraction pattern that is indicative of the surface crystallinity. For 
example, a crystalline surface will form a well-defined pattern, while a polycrystalline surface will 
result in arcs because of the random grain orientations. In the extreme case of an amorphous 
surface, a haze will appear instead of a diffraction pattern. The RHEED patterns also provide useful 
feedback of the surface morphology before, during and after growth. If the surface is smooth, the 
patterns appear streaky [5], and certain surface reconstruction patterns can be observed. If the 
surface is rough, the streaks will be broadened and spotty. 
2.3.2 Beam Flux Monitor 
The beam flux monitor (BFM) is an ionization gauge that can be placed at the substrate 
growth position to get a measurement of the beam fluxes in beam equivalent pressure (BEP). This 
is achieved by subtracting the pressure values read by the BFM gauge when a source shutter is 
opened and closed. This is then repeated at various source temperatures and for all the sources. 
Although the measured units are not of true atomic flux but of pressure (Torr), BFM measurements 
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are an extremely convenient and reliable technique to monitor the health of the effusion cells and 
flux repeatability between growths. Although not perfect, as the BFM configuration can vary, it is 
also useful when transferring flux conditions between different systems. 
2.3.3 Electron Impact Emission Spectroscopy 
In the case of the e-beam evaporator, electron impact emission spectroscopy (EIES) is used 
to measure and adjust or maintain the deposition rate by tuning the emission current of the e-beam 
filament. As a material is being evaporated, some of the vapor flux passes through the window of 
the sensor head and is excited by electrons generated by a filament inside the sensor [110]–[112]. 
The electron collisions lead to the emission of photons with wavelengths corresponding to the 
atomic emission lines of the evaporated material. By focusing on a wavelength unique to that 
material using a narrow bandpass optical filter, the intensity measured by a sensitive photodetector 
can then be calibrated to an evaporation rate. Compared to a quartz crystal monitor (QCM) 
traditionally used for this purpose, the EIES sensor is more sensitive to low deposition rates, is 
compatible with co-deposition processes, and does not require breaking vacuum to regularly 
replace the quartz crystal. 
2.3.4 Optical Pyrometry 
The substrate heater temperature is measured by a thermocouple. Because of the vacuum 
environment, however, the thermocouple reading may not be directly representative of the 
substrate surface temperature, since they are not in direct contact with each other. As a secondary 
validation of substrate temperature, an optical pyrometer is installed at a viewport normal to the 
substrate to measure its temperature based on the thermal radiation being emitted [113], [114]. 
While there are several limitations to this technique that one needs to be cautious of, it is 
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nonetheless useful in measuring and compensating for thermocouple offsets that can occur 
between growths, ensuring better repeatability between samples. 
2.3.5 Residual Gas Analyzer 
The residual gas analyzer (RGA) is a small mass spectrometer that is sensitive to lower 
mass atoms such as gases [115]. It is therefore able to identify the constituent residual gases present 
in the growth chamber. While not used during growth, the RGA can validate beforehand that all 
the impurity gases such as oxygen (for a nitride system) are below a certain acceptable limit, 
typically 10-12 Torr. It is also useful in finding possible vacuum leaks in the chamber. 
2.4 Structural Characterization 
2.4.1 Optical Microscopy 
Optical microscopes (OMs) are useful to magnify onto the sample surface to see features 
such as Ga or Al droplets or cracks that cannot be seen by eye. It is also useful during the device 
fabrication steps to ensure the lithography and contact metallization steps are successful. 
2.4.2 Scanning Electron Microscopy 
The SEM produces an image of the sample by focusing and raster scanning a beam of 
electrons, and in the most general case detecting the secondary electrons emitted by the atoms 
being excited by the electron beam. Based on the secondary electron intensity, an image can be 
generated. Compared to the optical microscope, the electron microscope is not as diffraction 
limited and can therefore resolve features at much higher magnification, while still providing a 
good depth of field. 
Energy dispersive X-ray spectroscopy (EDS) can be performed on a sample in SEM for 
chemical microanalysis, such as elemental composition, if a system is equipped with a suitable 
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detector. This technique consists in detecting X-rays that are emitted from the sample being 
bombarded by the electron beam. A spectrum or mapping of specific elements can be measured. 
2.4.3 Scanning Transmission Electron Microscopy 
As opposed to SEM, in scanning transmission electron microscopy (STEM) images are 
formed by electrons passing through the sample. This however requires the sample to be 
sufficiently thin. By focusing the electron beam to a very fine spot and additional aberration 
correction, STEMs can produce atomic-resolution images, which can provide highly beneficial 
information about the epitaxial layers and interfaces. STEM systems are also capable of 
spectroscopy. By measuring the energy loss by some of the electrons passing through the sample 
due to inelastic scattering, electron energy loss spectroscopy (EELS) enables chemical and 
elemental mapping [116]. 
2.4.4 Atomic Force Microscopy 
Atomic force microscopy (AFM) in tapping mode is based on the interaction of a sharp tip 
at the end of an oscillating cantilever interacting with the sample surface. Depending on the forces 
acting on the tip when it is interacting with the surface, the cantilever oscillations will change 
[117]. This is measured by detecting and tracking an aligned laser beam reflecting off the 
cantilever. AFM is therefore useful in producing a topology image of the sample surface with sub-
nm height resolution. These images can then be used to quantitatively characterize properties such 
as step heights and surface roughness. 
2.4.5 X-Ray Diffraction 
Because a crystalline lattice consists of regular arrays of atoms, a beam of incident X-rays 
will scatter and create diffraction spots at the detection end, and the diffraction curves (X-ray 
 53 
intensity versus angle) can be obtained by rotating the sample and/or the detector [118]. For the 
purpose of thin films, the rocking curve (intensity versus the Omega angle) peaks are useful in 
characterizing the crystalline quality of the material by looking at the peak width. The coupled 
scan (intensity versus Omega-2Theta) is useful in determining the composition of an alloy such as 
AlGaN based on the peak angle between that of GaN and AlN. It is worth noting that the X-ray 
beam has a penetration depth on the order of microns. As such, X-ray diffraction (XRD) is useful 
in characterizing the bulk structural properties of the sample.  
2.4.6 Raman Spectroscopy 
This technique allows the determination of vibrational modes of the molecules constituting 
the sample. By shining a laser onto the sample, the photons will interact with the phonons or other 
excitations and therefore undergo Raman scattering [119]. As a result, the photon energy will be 
shifted up or down and a spectrum can be obtained of the Raman shifts (in cm-1). This can be 
useful in for example identifying the different polymorphs of BN, as well as characterizing 
material properties such as strain and crystallinity. Combined with a microscope and movable 
stage, micro-Raman can be used to form a map of the sample. 
2.4.7 X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is achieved by exciting the sample surface with 
single energy X-rays (such as from an Al k-α source) in UHV, causing photoelectrons to be 
emitted. The binding energy of these photoelectrons can be measured, and the peak positions and 
intensities can be used for element identification, composition analysis and chemical state analysis 
[120]. Since photoelectrons only escape from the very top surface, the analysis depth for this 
technique is ~5 nm. 
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2.4.8 Auger Electron Spectroscopy 
Auger electron spectroscopy (AES) is a similar technique as XPS in providing elemental 
and chemical state analysis of the sample surface but using a focused electron beam to excite the 
sample, causing Auger electrons to be emitted from the sample’s top surface [121]. Quantitative 
elemental analysis can then be performed based on the kinetic energy and intensity of the Auger 
peaks. Unlike XPS, because the electron beam can be tightly focused, AES has the additional 
capability of surface mapping. 
2.4.9 Secondary Ion Mass Spectrometry 
Secondary ion mass spectrometry (SIMS) consists in bombarding the sample surface with 
a primary ion beam and collecting and analyzing the ejected secondary ions from the sample itself 
using a mass spectrometer. By calibrating the tool based on standards, it is possible to 
quantitatively analyze the elemental composition of the surface [122]. While SIMS is a destructive 
method, because the primary ions are effectively sputtering the surface, this can be used 
beneficially to obtain a depth profile of the sample. 
2.5 Optical Characterization 
2.5.1 Photoluminescence Spectroscopy 
PL measurements consist in optically exciting a light-emitting sample and measuring its 
emission spectrum. Since the excitation energy needs to be greater than the bandgap of the sample, 
for the wide-bandgap samples in this work, a 193 nm ArF excimer laser was used, along with UV-
grade optics and a UV-sensitive charge-coupled device (CCD) detector [123]. An advantage of 
this technique is that it can be performed on an as-grown sample without additional processing. 
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Power-dependent measurements, by varying the excitation laser power, are useful in characterizing 
changes in the sample’s light-emitting properties. 
Similarly, by loading the sample into a cryostat, temperature-dependent measurements can 
be performed from room temperature down to ~20 K using for example a closed-loop helium 
compressor. At cryogenic temperatures, broadening effects are reduced such that the spectral 
linewidth of the peaks is reduced, allowing to characterize localized states, excitonic states, 
coupling effects and carrier transport processes [124]. In addition, by assuming a near-unity IQE 
at 20 K due to the suppression of nonradiative states and defects, the IQE of the sample can be 
estimated by taking a ratio of PL intensities at room and low temperatures. While this method is 
known to be inaccurate, it remains useful in comparing the relative IQE between different samples. 
Fig. 2.4 is a photograph of the UV-optimized setup used for most of the PL measurements in this 
thesis. Appendix E includes additional setup schematics. 
 
Figure 2.4 – Photograph of a UV-optimized PL setup. The labels identify the major components. 
A number of optical components such as mirrors and lenses are used to direct the optical path. 
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Polarization-resolving PL consists in collecting the in-plane emission from the sample (i.e. 
from the side facet) and measuring the intensity after passing it through an optical polarizer [60], 
[125], [126]. This is schematically shown in Fig. 2.5. The polarizer is mounted on a rotation stage 
such that the PL intensity can be measured at various angles, where 0° and 180° would only capture 
TE polarized light, and 90° and 270° for TM polarized light. This setup should first be calibrated 
by using an unpolarized light source and a second polarizer with known properties. To compensate 
for misalignments of the optical components, the spectra intensities can then be corrected with 
cosine functions. The degree of polarization (P) is calculated using Equation 2.1, by relating the 




 (Equation 2.1) 
A value of P of 0, 1 and -1 are indicative of unpolarized, purely TE and purely TM polarized light, 
respectively. 
 




2.5.2 Spectroscopic Ellipsometry 
This technique reflects elliptically polarized light off the sample and measures the 
polarization changes as an amplitude ratio and phase difference [127]. Spectroscopic ellipsometry 
measures these parameters over a continuous range of wavelengths. Based on this measurement, 
film thicknesses and optical constants such as refractive index can be extracted. This is achieved 
by fitting the data to an empirical model constructed using for example Cauchy's equation. 
2.5.3 Ultraviolet–Visible Spectroscopy 
Ultraviolet-visible (UV-Vis) consists in passing a broadband light beam through the sample 
to measure its absorbance (or equivalently transmittance) by comparing the light intensity at every 
wavelength before and after it passes through the sample. In the case of thin films on sapphire 
substrate for example, the obtained absorbance spectrum needs to be baseline corrected with that 
of bare sapphire. This measurement is useful in determining below what wavelength a layer will 
start becoming absorptive, which can also then be related to the optical bandgap. 
2.6 Electrical Characterization 
2.6.1 Hall Effect Measurement 
Hall effect measurements consist in having a current flow (jx) through a piece of 
semiconductor in the x direction and applying a perpendicular magnetic field (Bz) in the z direction. 
This causes the electrons (or holes) to deflect towards one edge, resulting in an electric field (Ey) 
in the y direction [1]. The van der Pauw method consists in placing four ohmic contacts and 
measuring the resistivity and Hall coefficient (defined in Equation 2.2) [128]. From there, the 
resistivity of the material, doping type, majority charge carrier density and mobility of the majority 
carrier can be calculated. As a reminder to the reader, the relation between conductivity (σ) is the 
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 (Equation 2.2) 
2.6.2 Current–Voltage Characteristic 
As its name states, this measurement consists in sweeping the bias voltage of the device 
and measuring the electric current. In the case of an LED device, the I-V curve validates whether 
the device is exhibiting the rectification characteristic of a diode. From the I-V curve, the leakage 
current in reverse bias, turn-on voltage and breakdown voltage can be determined. The ideal diode 
equation (Equation 2.3) gives the I-V characteristic of an idealized diode [129]. 
𝐼 = 𝐼0 (𝑒
𝑞𝑉
𝑘𝑇 − 1) (Equation 2.3) 
I is the current flowing through the diode, I0 is the leakage current, V is the applied (bias) voltage, 
q is elementary charge, k is Boltzmann’s constant and T is temperature. 
2.6.3 Electroluminescence Spectroscopy 
This technique is comparable to PL spectroscopy, but instead of optical excitation, an 
electric current is injected into the device. For this, the sample needs to have ohmic contacts. The 
setup used for the measurements presented in this thesis includes a source meter used to apply the 
bias voltage and measure the current, and the devices are probed on wafer using micromanipulators 
and needle tips. A UV-transmissive optical fiber is used to collect the light emission from the 
device. The other end of the fiber is directed into the same spectrometer used for PL measurements 
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3.2 Background and Motivation 
Al-rich AlGaN, with Al compositions varying from ~50-90% are required for LEDs and 
lasers operating in the UV-B (280-315 nm) and UV-C (100-280 nm) bands, solar-blind avalanche 
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photodiodes and phototransistors, and integrated UV photonics [53], [58], [89], [130]–[132]. Al-
rich AlGaN also possesses a significantly larger breakdown field than GaN [133], and is promising 
for future high-power electronic devices. For many of these applications, it is essential that 
relatively thick AlGaN layers (>0.5 m) with atomically smooth surface and with a minimal level 
of defects and dislocations can be epitaxially grown on foreign lattice-mismatched substrates, 
which are lower cost, larger size and more widely available than bulk GaN or AlN substrates 
[134]–[136]. To date, most studies on the epitaxy of Al-rich AlGaN have been performed by 
MOCVD [53], [89], [137]–[144]. There have been few reports on the demonstration of high 
quality, Al-rich AlGaN epilayers by MBE, which offers unique advantages, including reduced 
impurity (carbon, oxygen) incorporation, more efficient p-type dopant (Mg) incorporation [145], 
[146], and a precise control of the alloy composition [147]–[149].  
Much progress has been made in the past decade in obtaining UV LED devices in the 210-
400 nm range with external quantum efficiencies between 1 and 10% most significantly due to an 
improvement in AlGaN material quality [53], [89], [150], [151]. This was achieved by utilizing 
buffer layers to reduce threading dislocation densities (TDDs), annealing the sample, employing 
more advanced growth techniques such as epitaxial lateral overgrowth, pulsed and migration-
enhanced epitaxy, multistep buffers, and superlattice structures acting as dislocation filters [53], 
[58]. Such techniques can however cause alloy clustering, affecting the composition of the AlGaN 
epilayers, which is already an issue due to Al segregation around dislocations [57]. Moreover, the 
conventional MOCVD process is often limited by parasitic reactions between Al-metalorganic 
precursors and the nitrogen gas source (NH3) [53], [140]. More generally, the larger sticking 
coefficient and lower surface mobility of Al adatoms make AlGaN epilayers more difficult to grow 
in a smooth layer-by-layer manner, instead causing the formation of islands, step bunching and 
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hillocks [58], [152], [153]. As such, while atomically smooth root mean square (RMS) roughness 
has been reported for AlN and GaN (0.2 nm) [153], [154], this value is closer to 1 nm for AlGaN 
[141], [149], [152], [153]. Employing higher growth temperatures (>1100 °C for MOCVD) 
enhances Al adatom migration and inherently improves material quality [141], [155], but also 
causes Ga adatom desorption and film decomposition, reducing the growth rate and making alloy 
composition tuning less controllable [140], [156]. The growth kinetics of MBE pose a similar issue 
due to the stronger bonding energy of Al-N versus Ga-N, such that Al is completely incorporated 
in the film, whereas Ga acts as a surfactant and its incorporation depends on the remaining N atoms 
[107], [147], [157]. However, by growing in slightly Ga-rich conditions, the thin liquid-metal layer 
at the surface promotes lateral adatom migration, such that smooth high-quality nitride films can 
be obtained without requiring excessively high growth temperatures [107], [157]. Although the 
MBE growth of AlGaN films with low [158], medium [147], [159] and high [148], [149] Al 
composition have been reported in the past, there are few studies on the optimal conditions for 
high-quality Al-rich AlGaN films, effects of the different growth parameters, and resulting 
structural and optical characteristics. 
In this work, we report a detailed study of the MBE growth and characterization of relatively 
thick Al-rich AlGaN epilayers on AlN templates on sapphire substrate. We have demonstrated that 
the alloy composition can be precisely controlled by tuning the Al flux and N flow rate, and an 
atomically smooth surface morphology can be achieved by carefully controlling Ga flux and 
growth temperature. Under optimized conditions, the AlGaN epilayers (>0.5-m thick) exhibit a 
surface roughness <0.4 nm, and strong PL emission at room temperature. High resolution TEM 
studies further suggest that, despite the lattice mismatch between AlGaN and AlN [152], the 
formation and propagation of dislocations is significantly suppressed by incorporating 
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superlattices with sub-nm thicknesses. The refractive index of Al0.6Ga0.4N is further measured to 
be ~2.20 at the 400 nm wavelength. The realization of high-quality Al-rich AlGaN offers the 
distinct opportunity for developing efficient mid and deep UV optoelectronic devices, integrated 
UV photonics, and high-power electronics.  
3.3 Growth of Al-Rich AlGaN Epilayers 
Al-rich AlGaN epilayers were grown on commercial 1-µm thick wurtzite AlN template on 
c-plane sapphire substrate (DOWA Electronics Materials Co., Ltd.) using a Veeco GEN 930 RF 
nitrogen plasma-assisted MBE system equipped with Al and Ga SUMO effusion sources. The AlN 
template wafer was diced into 1 cm2 pieces, which underwent a standard solvent degreasing 
procedure prior to loading into the MBE chamber. To allow for efficient and repeatable heat 
conduction in vacuum, the wafer backside was metallized with molybdenum, and the substrate 
pieces were mounted onto a 3-inch Si carrier wafer using indium solder. It was confirmed by 
optical pyrometry that the substrate temperature was uniform across the carrier wafer, remained 
constant throughout the growth, and was similar between growth runs. Prior to initiating the 
growth, the substrate was ramped up 100 °C higher than the AlGaN growth temperature for 
thermal cleaning of the surface and soaked with the nitrogen plasma. Under these conditions, a 
thin, 20 nm AlN buffer layer was grown to promote a better growth interface between the AlN 
template and subsequent AlGaN film. The Al-rich AlGaN films were grown at an effective surface 
temperature of 700 °C, calibrated using the 7×7 to 1×1 surface reconstruction of Si(111). A low 
nitrogen flow rate of 0.3 sccm was used at a constant RF plasma forward power of 350 W. The Al 
and Ga fluxes in beam equivalent pressure were kept at 3×10-8 and 1×10-7 Torr, respectively. Under 
these conditions, a growth rate of 80 nm/hour is achieved. The growth of AlGaN was conducted 
under slightly metal-rich conditions. The buildup of excess metallic Ga in the form of droplets can 
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be minimized, or avoided, by carefully monitoring the RHEED pattern and adjusting the growth 
conditions accordingly, either through periodic interruptions of the source-metal beam fluxes 
[147], or by fine tuning the Ga flux dynamically. In both cases, it is essential to maintain a streaky 
pattern, shown in Fig. 3.1(a), which is indicative of two-dimensional epitaxial growth [160]. In 
this study, we focus on the characterization of AlGaN epilayers that incorporated periodic 
interruptions of the source-metal beam fluxes. The modulation sequence for these samples includes 
ten seconds of interruption of the Al and Ga beams for every five minutes of growth. With shorter 
interruptions, an increase in intensity of the streaky RHEED pattern, correlated to the clearing of 
excess metal buildup at the surface, was not observed. It was noticed that interruptions with longer 
durations could induce transition the growth to an unwanted nitrogen-rich regime. 
 We have first performed extensive studies on the MBE growth of AlGaN with various 
growth parameters. It is observed that the growth rate scales with Al flux. Keeping a set Al flux, 
the nitrogen plasma acts as the driver that most significantly impacts the surface morphology and 
Al composition of the AlxGa1-xN films, with x increasing as the nitrogen flow rate is reduced. As 
is the case for other GaN-based epilayers, a nitrogen-rich growth regime results in a spotty RHEED 
pattern and increased surface roughness. More importantly, for a given nitrogen flow and fixed Al 
flux, the Al composition is pinned: increasing the Ga flux only increases the density of Ga droplets 
on the sample surface, while decreasing the Ga flux forms AlGaN patches rather than a continuous 
film along the entire surface, due to the shortage of Ga, instead of the formation of lower Al 
composition AlGaN epilayers. It was found that during the growth of higher Al composition 
AlGaN by reducing the nitrogen flow rate, the Ga flux had to be increased to maintain a smooth 
surface, likely due to the enhanced Ga adatom desorption from reduced Ga incorporation as the 
nitrogen active species are primarily bonding with Al at the relatively high AlGaN growth 
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temperature [107], [157]. As for the substrate temperature, from a systematic study we determined 
that it needed to be sufficiently high to sustain high-crystalline quality AlGaN growth, validated 
by PL and XRD characterization, but further increasing the substrate temperature only enhances 
Ga desorption from the surface with equivalent effects as reducing the Ga flux. Above a critical 
limit, ~100 °C higher than the optimal growth temperature, we see a Ga shortage even with 
excessively high Ga fluxes, leading to a roughened surface and degradation of crystalline quality. 
3.4 Structural Characterization of the AlGaN Epilayers 
Using the aforementioned conditions, ~500-nm thick Al0.6Ga0.4N samples were grown and 
the bulk structural properties were characterized by XRD and TEM. XRD was performed using a 
Rigaku SmartLab system aligned for thin film diffraction, with the 2Theta-Omega spectrum shown 
in Fig. 3.1(b). The two well-defined peaks of comparable intensity at 35.4° and 36.0° correspond 
to AlGaN and AlN, respectively. Knowing the AlN (36°) and GaN (34.5°) peak positions, Vegard's 
law was used to obtain an Al content of x = 0.6 for this AlxGa1-xN sample [141], [148], [158], 
[161], [162]. The validity of this interpolation was confirmed by the Al/Ga atomic ratio measured 
by SIMS analysis (EAG Laboratories) for a different sample where the different stacked layers 
had compositions of x ≈ 0, 0.6, 0.7, 0.8 and 1, demonstrating the controllability and tunability of 
the growth conditions in this regime. Complete strain relaxation is assumed given the thickness of 
the AlGaN film and the lattice mismatch with the AlN substrate layer for this Al composition. The 
full width at half maximum (FWHM) of the AlGaN XRD peak is 0.12°, as compared to 0.07° for 
the AlN peak, which is indicative of a high-quality ternary alloy [141], [142], [163] with minimal 
phase separation, clusters and formation of sublayers [58], [164]. Significantly, from SIMS 
analysis, the carbon, silicon and hydrogen impurity incorporation are less than 31016 cm-3 
(approaching the detection limit of the SIMS tool), 51016 cm-3 and 11017 cm-3, respectively, 
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which are 1-2 orders of magnitude lower than that reported in films grown by MOCVD [156], 
[165], [166], and can be further reduced with more careful surface preparation and further thermal 
annealing. 
 
Figure 3.1 – (a) Photograph of the sustained streaky RHEED pattern during AlGaN growth. (b) 
2Theta-Omega XRD scan of the Al0.6Ga0.4N sample, showing peaks at 35.4° and 36°. The latter 
corresponds to the AlN template peak. 
 
The AlGaN film was further investigated using a JEOL ARM 200F STEM operated at 200 
kV. The TEM sample was prepared following standard focused ion beam (FIB) lift-out procedures 
using an FEI Helios 660 Nanolab FIB/SEM, followed by surface cleaning using a Fischione 
Nanomill 1040 Ar-ion mill operated at 500 V, to remove surface damage and Ga contamination. 
The STEM bright-field (BF) image at 200k× magnification of the AlN and AlGaN layer cross-
section is shown in Fig. 3.2(a). The dislocations originating in the AlN template propagate in the 
growth direction into the AlN buffer and AlGaN layers. However, as labeled in the figure, upon 
reaching the AlGaN film, there is a bending of the dislocation lines [167], which in some cases 
leads to their convergence, grouping and annihilation, and termination; thus, leading to regions in 
the AlGaN film where the dislocation density is reduced with respect to the underlying AlN 
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template, in spite of the lattice mismatch between AlGaN and AlN [168]. The inset of this figure 
shows the EDS line scan taken at 200 kV accelerating voltage using an EDAX Octane windowless 
100 mm detector, overlaid on the dark-field (DF) image of the AlGaN film at higher magnification, 
showing an Al/Ga compositional variation at the stacking interfaces caused by the interruptions 
during growth. It is worth noting that these interfaces have lower Al content, but are too thin to 
quantitatively determine their exact composition. Figure 3.2(b) is a STEM-DF image at 1.2M× 
magnification focusing on the AlGaN film, and showing the periodic stacking of the epilayers 
forming a superlattice with respect to the interfaces formed by the brief growth interruptions. The 
high-angle annular dark-field (HAADF) image at high magnification (30M×) and atomic 
resolution of Fig. 3.2(c) focuses on one of the stack interfaces in the AlGaN superlattice. It can be 
seen that the growth interruptions lead to a compositional variation that is limited to a sub-
nanometer thickness. 
 
Figure 3.2 – STEM images of the sample cross-section, with the yellow arrow defining the 
growth direction in every case. (a) STEM-BF image at 200k× magnification, displaying the AlN 
template, AlN buffer and AlGaN epilayer regions, as well as the threading dislocations 
originating from the template and propagating into the grown film. Labeled on the figure are 
regions of interest highlighting the bending of the dislocations reaching the AlGaN superlattice 
(1), convergence of dislocations leading to their annihilation (2), termination of propagating 
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dislocations partly through the AlGaN (3), and grouping of several threading dislocations (4). 
Shown in the inset is an EDS line scan of the AlGaN superlattice, showing an Al/Ga 
compositional variation at the nanometer scale and under similar N presence. (b) STEM-DF 
image at 1.2M× magnification showing the periodic superlattice formed in the AlGaN film 
(boxed in blue in (a)) during growth. The periodic spacing is of ~7 nm. (c) High-magnification 
HAADF image (30M×) displaying the atomic-resolution stack interface of the superlattice 
(boxed in red in (b)). From the crystalline stacking, the interruptions during growth lead to sub-
nanometer compositional variations in the AlGaN film. 
  
The surface properties of this sample were investigated using SEM and AFM. A Hitachi 
SU8000 SEM was used with an acceleration voltage of 5 kV, and the sample was loaded at a 45° 
angle to better resolve the surface topology. Figure 3.3 shows the SEM images at low (a) and high 
(b) magnification. A uniform and smooth surface can be seen over a large area, with an absence 
of ripples or cracks commonly seen after the growth of lattice mismatched layers due to strain. The 
single scratch line seen in Fig. 3.3(a) was intentionally made to properly focus on and resolve the 
smooth surface. A Bruker Dimension Icon AFM was used in tapping mode in air to obtain the 1×1 
µm2 topology (Fig. 3.3(c)). From a section analysis (inset of Fig. 3.3(c)), the observed terraces are 
of atomic steps corresponding to the top 1 or 2 epitaxial monolayers that did not fully form at the 
end of growth [153], [169]. These also account for the surface contrast observed from SEM at high 
magnification. The RMS roughness of a 5×5 µm2 area is only ~0.4 nm. These excellent surface 
characteristics make this AlGaN film suitable for UV photonics. 
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Figure 3.3 – SEM images of the sample surface taken at magnifications of 700× (a) and 200k× 
(b). (c) AFM height image of the sample surface of 1 µm2. The inset above it is a section analysis 
of the terraces (identified by the blue line) showing height variations corresponding to atomic 
steps. 
 
3.5 Optical Characterization of the AlGaN Epilayers 
A Woollam M-2000 spectroscopic ellipsometer with high speed CCD detector covering a 
spectral range of 300-1683 nm was used to determine the in-plane refractive index of this AlGaN 
film in contrast to that of the underlying AlN. The structure model was fitted using the Cauchy 
relationship [170] first starting with pieces of bare sapphire and AlN template on sapphire to 
establish the empirical model. The expression for the Cauchy relationship to obtain the refractive 
index (nr) as a function of wavelength (λ) is given in Equation 3.1, and the fitted A, B and C 
coefficients for the different layers are summarized in Table 3.1. 






  (Equation 3.1) 
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Table 3.1 - Fitted model parameters used in the Cauchy relationship to obtain the refractive 
index versus wavelength curves of AlGaN and AlN. 
Layer A B C 
AlGaN 2.101 0.00961 0.00128 
AlN 2.016 0.01345 0.00033165 
Sapphire 1.754 0.00686 0 
 
The fitting of the AlGaN layer had an A coefficient of 2.1, derived thickness of ~460 nm, consistent 
with the expected growth rate, and a mean squared error (MSE) of 15.2. In contrast, an A 
coefficient of 2.016 was obtained from AlN (MSE of 11.5). From Fig. 3.4, at a 400 nm wavelength, 
these correspond to refractive indices of ~2.20 and 2.11 for Al0.6Ga0.4N and AlN, respectively. The 
curves obtained in Fig. 3.4 do not match exactly those reported in the past for AlGaN films with 
similar Al content gown by MOCVD or MBE [149], [161], [171], [172]. In one case, our 
Al0.6Ga0.4N refractive indices are closer to that reported for Al0.675Ga0.325N grown by MBE on Si 
substrate [149]. In another case where MOCVD was used, the reported refractive index contrast 
between AlN and Al0.6Ga0.4N is similar to ours, but their values of nr are 0.04 higher [172]. It is 
worthwhile mentioning that these previous reports indicated uncertainties in the Al compositions 
of AlxGa1-xN. In addition, the refractive index is affected by the presence of defects, strain, and 
alloy inhomogeneities. Given the optimized AlGaN growth and the many methods used here to 
characterize and validate alloy composition, the measured nr for AlN and Al0.6Ga0.4N in this study 
will serve as an important reference for the design of both deep UV light emitters and photonic 
circuit elements such as waveguides [173]. 
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Figure 3.4 – Refractive index versus wavelength curves for Al0.6Ga0.4N (in solid blue) and AlN 
(in dashed black) obtained by spectroscopic ellipsometry. 
 
Optical properties of this sample were also characterized using variable excitation power 
PL spectroscopy with a 193 nm ArF excimer laser as the excitation source. The emitted photons 
from the samples were spectrally resolved by a Horiba iHR550 spectrometer and detected using a 
low-noise Symphony II CCD detector. The obtained room-temperature PL spectrum in Fig. 3.5(a) 
shows a single dominant peak at ~284 nm for a broad range of excitation powers. A redshift of 
these peaks is not observed with increasing excitation powers, indicating that there are no 
significant heating effects occurring in the sample, for example due to strong nonradiative 
recombination [174]–[176]. The FWHM of the spectrum measured at 100 µW excitation is ~14 
nm, suggesting excellent optical quality [139]. It is worth noting that the emission wavelength is 
longer than the expected PL peak for Al0.6Ga0.4N based on bandgap-composition relationships of 
AlGaN alloys [139], [142], [148], [162], [171], which may be attributed to donor-acceptor pair 
recombination [158] or Stokes shift [142] as observed in previous reports, or partly related to the 
presence of sub-nm interfaces. Figure 3.5(b) shows the temperature dependence of the integrated 
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PL intensity, normalized to 1, and plotted against inverse temperature. An estimated IQE of ~50% 
is obtained, defined as the ratio of integrated PL intensities at room and low temperatures [177], 
[178]. The inset of Fig. 3.5(b) is the temperature dependence of the PL spectrum under constant 
excitation power showing a blueshift of the dominant peak by ~1.5 nm, and the stronger prevalence 
of a shoulder peak at ~277.5 nm. 
 
Figure 3.5 – (a) Variable excitation power PL spectra of the Al0.6Ga0.4N sample at room 
temperature, showing a single dominant peak centered at ~284 nm. (b) Temperature dependence 
of the integrated PL intensity (normalized to 1). The inset shows the changes with temperature. 
 
3.6 Conclusion 
In conclusion, we have performed a detailed study of the MBE growth of Al-rich AlGaN, 
with a focus on an Al composition ~60%. By optimizing the growth conditions, Al0.6Ga0.4N 
epilayers with excellent structural and optical properties can be achieved on AlN buffer on sapphire 
substrate. It was observed that dislocation propagation originating from the substrate layers can 
effectively be reduced or terminated within the stacked AlGaN epilayers with sub-nm interfaces. 
Further studies also suggest that AlGaN epilayers grown by MBE without such sub-nm interfaces 
can exhibit excellent surface morphology and optical properties, if a slightly metal-rich condition 
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is consistently maintained during epitaxy. These studies will contribute to the development of high 
efficiency mid and deep UV light emitters and integrated UV photonics. 
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Chapter 4 Strain-Free Ultrathin AlN Epilayers Grown Directly on Sapphire by Molecular 
Beam Epitaxy 
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4.2 Background and Motivation 
High-quality AlN epitaxially grown on sapphire substrate is of critical importance for a 
broad range of applications, including mid and deep-UV optoelectronics and high 
power/frequency electronics [58], [89]. Also, with its wide bandgap and transparency down to 
~0.2 µm wavelengths, AlN on sapphire has emerged as the material of choice for integrated UV, 
visible and quantum photonics, enabling a broad range of classical/non-classical applications in 
photonics [179]. Moreover, for high-power photonic applications, an ultrawide bandgap material 
such as AlN is essentially required to avoid nonlinear absorption [180]. To date, however, the 
quality of AlN on sapphire is severely limited by large densities of defects and dislocations [181], 
and undesired impurity incorporation (e.g., carbon and oxygen) [182], [183]. Currently established 
growth methods of AlN on sapphire, mainly by MOCVD, require the use of relatively thick buffer 
layers [184], [185], and techniques such as epitaxial lateral overgrowth and patterned substrates to 
reduce the formation of dislocations and obtain a usable AlN epitaxial template [186]–[189]. Yet, 
for many applications such as AlN waveguides and micro-ring resonators operating in the UV 
spectra, a very thin AlN epilayer is often required. Recently, with the use of ultrahigh-temperature 
annealing, significantly improved quality was reported for AlN deposited on sapphire by 
employing a sputtering method [96]. Such high-temperature annealing, however, may degrade the 
surface morphology and negatively impact the dopant distribution in optoelectronic and electronic 
devices [97], [190], [191]. MBE provides unique advantages for the epitaxy of AlN and Al-rich 
AlGaN, including more controlled nucleation [192], [193] and Al incorporation [98], efficient Mg 
dopant activation [194], and reduced impurity incorporation. To date, however, reports of high-
quality AlN epilayers by MBE are lacking, largely due to the limited growth temperature of 
conventional systems [97], [192], [195], [196]. Recent advances in MBE substrate heater 
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technology, with reports of the growth of high-temperature materials such as BN [100], [108], 
[197], present an exciting opportunity to overcome these challenges. 
This chapter reports on the molecular beam epitaxy and characterization of high-quality 
ultrathin AlN epilayers grown directly on sapphire. Multiple-cycle in situ high-temperature 
annealing was performed during the initial stage. It is observed that, with the use of in situ high-
temperature annealing, the dislocation densities are significantly reduced. For ~0.1-µm-thick AlN 
grown directly on sapphire, the (002) linewidth measured by XRD is less than 150 arcsec, which 
is comparable to, or better than, epilayers grown directly on AlN substrate. Significantly, the (102) 
linewidth is substantially reduced from over 4000 arcsec to less than 1400 arcsec with the use of 
in situ high-temperature annealing. Through detailed temperature-dependent PL measurements, a 
luminescence efficiency ~30% is measured at room temperature. Detailed STEM studies suggest 
the propagation of dislocations is largely suppressed in the thin AlN epilayers grown directly on 
sapphire, and that the AlN layer is grown fully-strain-relaxed. Significantly improved results are 
further measured for AlN epilayers with increased thicknesses using this same approach. 
4.3 MBE Growth of AlN Epilayers on Sapphire 
AlN samples were grown on c-plane sapphire substrate using a Veeco GENxplor RF 
nitrogen plasma-assisted MBE system equipped with an Al SUMO effusion source and a NOVA 
ultrahigh-temperature substrate heater (up to 1850 °C). The sapphire wafer backside was 
metallized with molybdenum to allow for efficient heat conduction in vacuum. As schematized in 
Fig. 4.1(a), Stage I of growth consists of an ~80 nm-thick buffer layer using a modified migration-
enhanced epitaxy (MEE) [198] approach to promote AlN nucleation and a smooth interface 
directly over the lattice-mismatched sapphire. The growth temperature was ~950 °C. An Al flux 
of 8×10-8 Torr in BEP, and a low nitrogen flow rate of 0.3 sccm at a constant RF plasma forward 
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power of 350 W were used. This corresponds to a slightly nitrogen-rich condition at this growth 
temperature. The shutter sequence was 1 min of Al (i.e., forcing a metal-rich surface coverage) 
followed by 4 min of both Al and N (i.e., nearly stochiometric AlN growth with a thin liquid-metal 
surface). This sequence was determined to be optimal by careful monitoring of the RHEED 
pattern. As highlighted in Fig. 4.1(b), in the first minutes of growth, the RHEED pattern becomes 
segmented and spotty due to the lattice-mismatched nucleation (Pattern I), but quickly starts 
recovering to a streakier pattern, indicative of two-dimensional epitaxial growth [192], [196] 
within the third modulation loop. The RHEED pattern is streaky by the end of this first buffer stage 
(Pattern II), during the sixth modulation loop. Afterwards, as Stage II of growth, the substrate 
temperature is gradually raised to ~1550 °C and the sample is in situ annealed for 30 min under 
the same nitrogen plasma environment. It was found that this annealing step is critical for 
promoting a recrystallization of the buffer layer and obtaining significantly higher quality AlN 
epilayers in the later stages of growth. During this high-temperature annealing process, there is 
decomposition of the AlN buffer even in the presence of the nitrogen plasma, and a broadening of 
the RHEED pattern is seen (Pattern III). Higher annealing temperatures promote recrystallization, 
leading to superior material properties, but increase the decomposition and roughening of the 
grown film. As part of our optimization of this process, we carefully determined our growth and 
decomposition rates to ensure this annealing step does not entirely decompose the grown thin 
films. Based on these extensive calibration studies, each growth/annealing cycle results in at least 
10 nm of the AlN buffer layer thickness remaining. This is consistent with the observations from 
the detailed STEM studies of the AlN thin film cross section (shown in Fig. 4.2). When reinitiating 
the growth following the annealing stage, the RHEED pattern shows inverted V-shaped chevron 
features consistent with facets having formed at the surface [199], [200]. Stages I (buffer) and II 
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(annealing) are repeated to further improve the quality of the AlN template. After three such cycles, 
the thickness of AlN buffer layer is ~30 nm. Studies were also performed with increased number 
of cycles, which yielded similar results as those with three cycles of growth/annealing. Afterwards, 
a final buffer (Stage III) is grown in a similar manner as Stage I to help recover and smoothen the 
faceted surface. Finally, the remainder of the AlN sample (Stage IV) is grown in a more 
conventional manner [97], [192], [196]: keeping the plasma parameters unchanged, the Al flux is 
increased to 1.1×10-7 Torr to shift the growth into slightly metal-rich conditions. Periodic 
interruptions of the source-metal fluxes are utilized to help with this process, such that the streaky 
RHEED pattern (Pattern IV) can be maintained without the buildup of excess metallic Al [98]. 
Under these conditions, a growth rate of ~180 nm/hour is achieved. Using this growth process, 
samples with varying AlN thickness, between 0.1 to 1 µm, are achieved by adjusting the duration 
of this final stage of growth. 
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Figure 4.1 – (a) Schematic of the growth sequence of AlN on sapphire substrate: (I) initial AlN 
buffer growth using a MEE process, (II) high-temperature annealing of the grown ultrathin film, 
(III) repeated growth and annealing steps to improve the buffer layer quality, and (IV) epitaxy of 
high-quality AlN epilayers using an interruption-assisted process. (b) Photographs of the 
RHEED patterns observed during growth: (I) spotty and segmented pattern during the initial 
stage of growth, (II) streakier pattern during the buffer stages, (III) broadened and brighter 
pattern during the annealing stages, and (IV) narrow streaky pattern during the epilayer growth 
stage. 
 
4.4 Structural Characterization of the Ultrathin AlN Films on Sapphire 
Of most interest for this study are the thinner samples, since they are the most challenging 
to obtain in high crystalline quality irrespective of method used. The bulk structural properties of 
such samples were characterized by electron microscopy and XRD. A thin AlN sample grown 
directly on sapphire was investigated using a FEI Titan Cubed 80-300 STEM equipped with CEOS 
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correctors on both the probe and image forming lens systems, operated at an accelerating voltage 
of 200 kV. Peak pair analysis (PPA) software was used to study the local lattice parameter 
distribution in the structure [201]. Electron-transparent specimens of AlN/sapphire were prepared 
for STEM analysis by FIB using a Zeiss NVision 40 dual-beam instrument operating at 30 keV. 
Figure 4.2(a) shows a STEM image in cross section taken in medium angle conditions to more 
prominently reveal the defects in the sample [199]. The two layers of the structure have been 
marked by white arrows. The AlN layer thickness has been measured to be ~100 nm. Threading 
dislocations (TDs) can be observed crossing the AlN layer. This type of defects frequently appears 
to release the strain at interfaces with high lattice mismatch as in the case of AlN/sapphire [202], 
[203]. From this STEM image, it can also be seen that a significant number of the initially formed 
TDs are then terminated [195], [204] and stop propagating within the first 50 nm of growth, 
consistent with the initial buffer layers before and after the multiple in situ annealing cycles. In 
contrast, in previous reports, several hundreds of nm of buffer are required to obtain a desired top 
layer, and most dislocations generated in these layers propagate all the way to the surface [58], 
[184], [195], [205], [206]. Another noteworthy finding from these studies is the presence of 
misorientations in the AlN film that are directly due to steps on the sapphire surface causing a 
small misalignment (<1 degree). While the exact cause and possible mitigation steps are being 
investigated, these observations reveal the significant impact of the substrate surface on the 
epilayers, and that precise control of the initial interface is key to growing high-quality AlN. In 
this regard, Fig. 4.2(b) shows a high-magnification STEM image of the interface between the AlN 
layer and the sapphire substrate. The brighter spots seen in the sample are due to 
contamination/redeposition from the FIB sample preparation process. The interface between both 
materials is very smooth, but atomic steps can be observed, such as the one marked with a red 
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arrow. In order to obtain quantitative information about the local atomic displacements in the AlN 
layer compared to the sapphire substrate (the zone of reference), PPA has been applied to Fig. 
4.2(b). Figure 4.2(c) presents the εxx strain (defined with respect to a reference area) map, in the 
direction contained in the growth plane, obtained during the analysis. No noticeable strain 
variations are observed in the sapphire substrate (since it is taken as reference) given that the values 
are near zero. However, a remarkable variation in lattice parameter can be clearly observed in the 
AlN layer. When taking the substrate as a reference, the apparent “strain” value, i.e. the difference 
compared to the reference sapphire, has been measured as 13.1 ± 0.2% based on the plot profile in 
Fig. 4.2(d) taken along the map. This value agrees with the lattice mismatch expected between 
AlN and sapphire, 13.3% [207], suggesting that the AlN layer is grown almost fully relaxed, as it 
is extremely close to maintaining its bulk lattice parameter. 
 
Figure 4.2 – (a) STEM cross-section image of the ~100-nm-thick AlN sample on sapphire 
substrate. The yellow arrow indicates the growth direction. (b) High-magnification STEM image 
of the AlN and sapphire interface. The red arrow highlights an atomic step height mismatch at 
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the interface. (c) εxx strain map (in the direction contained in the growth plane) obtained during 
the analysis, with the strain values (taking sapphire as the zero reference) in the included color 
scale bar. (d) Strain profile taken along the map in (c) denoted by the blue arrow. 
 
XRD was performed using a Rigaku SmartLab X-ray Diffractometer with a Ge(220) 2-
bounce monochromator aligned for thin-film rocking curve analysis. For a ~100 nm-thick sample, 
the measured XRD (002) rocking curve is shown in Fig. 4.3(a). Its peak FWHM is 126 arcsec 
based on a Lorentz fitting. The (102) FWHM is 1387 arcsec, based on a Lorentz fitting of the curve 
from Fig. 4.3(b). These are the narrowest linewidths reported for AlN epilayers of comparable 
thickness grown by any technique [95], [97], [163], [184]–[187], [193], [195], [204], [208]–[223], 
as highlighted in Fig. 4.3(c). In contrast, for a sample grown with similar thickness but without the 
use of the multiple cycle in situ annealing steps, the (102) linewidth is over 4000 arcsec. In that 
regard, we found that higher annealing temperatures help obtain a narrower linewidth, up to a limit 
above which a worsening of the (002) linewidth is observed and the surface becomes increasingly 
difficult to recover. These observations are consistent with the fact that the (102) FWHM will 
become narrower with overall reduced threading dislocation densities [205], [224], especially edge 
dislocations [225], while the (002) linewidth is sensitive to screw dislocations that will remain 
regardless of the subsequent epitaxy process [220], [223]. 
 
Figure 4.3 – XRD rocking curves (in red) of the (a) symmetrical (002) and (b) asymmetrical 
(102) reflections of the ~100-nm-thick AlN layer grown on sapphire substrate. The dotted blue 
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curves are the Lorentz fitting of each curve, used to obtain a FWHM of 126 arcsec and 1387 
arcsec for (a) and (b), respectively. (c) Comparison of AlN XRD (002) rocking curve linewidths 
reported in literature and that of this work (in red). 
 
4.5 Optical Characterization of the Ultrathin AlN Films on Sapphire 
Optical properties of the thin (~100 nm) AlN epilayer grown directly on sapphire were 
characterized using variable excitation power and temperature-dependent PL spectroscopy with a 
193 nm ArF excimer laser as the excitation source. The sample emissions were spectrally resolved 
by a Horiba iHR550 spectrometer and a UV-sensitive Symphony II CCD detector. At cryogenic 
temperatures, the excitonic emission of AlN at ~205 nm is accompanied by lower-energy shoulder 
emissions that can be attributed to its longitudinal optical (LO) phonon replica [226], shown in the 
inset of Fig. 4.4(a). As the temperature is increased, as expected for AlN, the emission intensity is 
reduced, and the emission peak is redshifted to ~208 nm. Figure 4.4(a) shows the temperature 
dependence of the integrated PL intensity. As seen in the inset of Fig. 4.4(b), an estimated IQE of 
~30% is obtained, by taking the ratio of integrated PL intensities at room and low temperatures, 
assuming near-unity quantum efficiency at low temperature [178]. The droop is likely due to 
heating and other non-ideal effects under high laser excitation conditions. For comparison, shown 
in Fig. 4.4(b), the near-band-edge PL emission of this sample is nearly twice as strong as a 




Figure 4.4 – (a) Normalized temperature dependence of the integrated PL intensity of the ~100-
nm-thick AlN sample. The inset shows the emission spectra under constant excitation power at 
various temperatures. (b) Comparison of the PL intensity of the same sample (in red) and a 
commercial AlN epitaxial template that is ~10 times thicker (in black). The inset shows the 
estimated IQE of ~30% of the sample from this study. 
 
4.6 Thicker AlN Epilayers on Sapphire 
Using the same growth approach as the thin sample, AlN epilayers with various thicknesses 
can be obtained by simply extending the epilayer growth duration (Stage IV of Fig. 4.1(a)). For 
such a 1-µm-thick sample, the (002) and (102) X-ray rocking curve peaks have FWHM values ~60 
arcsec and 1050 arcsec, respectively. Using a Hitachi SU8000 SEM, an overall uniform and 
smooth surface can be seen in Fig. 4.5(a) of this sample’s surface, with an absence of hillocks or 
cracks commonly seen after the growth of lattice mismatched layers due to strain [220], [227]. 
This holds true at the entire wafer scale, as verified by optical microscopy, with an image included 
as inset. A Bruker Dimension Icon AFM was used in tapping mode in air to obtain the 1×1 µm2 
surface topology (Fig. 4.5(b)). The observed terraces are of atomic steps corresponding to the top 
epitaxial monolayers that did not fully form at the end of growth [169]. The RMS roughness is 
~0.3 nm. The PL spectra at room and cryogenic temperatures are shown in Fig. 4.5(c). The PL 
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intensity is ~20 times stronger than the commercial AlN epitaxial template with similar 1 µm 
thickness (Fig. 4.5(d)). Further improvements in material quality are expected with more refined 
surface treatment methods of the sapphire substrate [227]–[229], and a study of the impact of post-
growth annealing of these AlN samples as has been demonstrated in other works [95], [97], [221], 
[222]. 
 
Figure 4.5 – (a) Low-magnification SEM image of the ~1-µm-thick sample surface. The 
intentional scratch mark on the top left corner was used to properly focus on the sample surface. 
An optical image is included as the inset. (b) High-magnification AFM image of the sample 
surface topology. (c) PL spectrum of the sample at room (in red) and cryogenic (in blue) 
temperatures. (d) Comparison of the PL intensity of the same sample (in red) and the 
commercial AlN epitaxial template from Fig. 4.4(b) (in black). 
 
4.7 Conclusion 
In summary, we have studied the epitaxy and characteristics of AlN epilayers grown 
directly on sapphire using a high-temperature-assisted MBE process. We demonstrate that strain-
free ultrathin AlN epilayers can be obtained directly on sapphire by utilizing in situ high-
temperature annealing. We further show that the optical properties are significantly better than 
commercial AlN templates, which is consistent with the excellent structural properties. Future 
studies include the development of high quality AlGaN by MBE using a similar approach as in 
this study, and the demonstration of high efficiency and high power deep-UV light-emitting diodes 
(LEDs) and laser diodes. 
 85 
Chapter 5 AlN/h-BN Heterostructures for Mg Dopant-Free Deep Ultraviolet Photonics 
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5.2 Background and Motivation 
An efficient LED operating in the UV-C band is in demand for a broad range of 
applications, including analytical chemistry, medicine, water purification, sensing and sterilization 
[42], [44], [53], [134], and represents the only alternative technology to replace conventional 
mercury lamps and excimer laser sources, which are costly and toxic and suffer from short 
lifetimes and instability [230]. In the past decades, significant progress has been made in (Al)GaN 
LEDs and laser diodes operating in the blue and near-UV spectral range [130], [139], [150], [159], 
[231]–[233]. Mg has been widely used as the p-type dopant in GaN, but poses significant 
challenges for AlN; the exceptionally large ionization energy (up to 600 meV) leads to extremely 
poor doping efficiency [44], [69], [94], [234]. Moreover, the presence of free hole concentration 
in Mg-doped AlGaN is heavily compensated by the formation of extensive native defects and 
impurity incorporation during the epitaxy of highly lattice mismatched AlGaN epilayers [57]. In 
an effort to reduce the contact resistance, a common approach is to grow a thin p-(Al)GaN capping 
layer, which, however, is highly absorptive in the deep-UV spectrum [53]. Other significant 
challenges for achieving high efficiency UV-C optoelectronic devices include the large 
spontaneous polarization of AlGaN and enhanced electron overflow for devices operating near 
210 nm, due to the lack of carrier confinement. 
h-BN, an ideal substrate for two-dimensional materials such as graphene [28]–[30] and one 
of the building blocks for van der Waals heterostructures [20], [27], has recently demonstrated 
considerable promise for deep-UV optoelectronics owing to its large bandgap and near-zero 
polarization field [17], [19], [20], [235], [236]. It has been identified as a structurally compatible 
material with wurtzite Al(Ga)N to form heterostructures to provide effective carrier confinement 
[16], [94], [237] (see Section 1 of Appendix F). Unique to h-BN is its unusual propensity for p-
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type doping; the p-type resistivity of Mg-doped h-BN is measured to be significantly smaller than 
that of Mg-doped AlN [238]. Moreover, recent theoretical calculations have shown that the 
formation of point defects, such as B vacancies, serve as acceptors in h-BN (see Section 2 of 
Appendix F). For example, the energy level of B vacancies is calculated to be ~150 meV above 
the valence band edge [25]; the corresponding ionization energy is nearly four times smaller than 
that for Mg dopant in AlN. Strong p-type conductivity may therefore be achieved for nominally 
undoped h-BN with the presence of B vacancies [239]–[241]. 
In this context, we have investigated the epitaxy and performance characteristics of Mg 
dopant-free AlN/h-BN nanowire LEDs. By exploiting the p-type characteristics from B vacancies 
in h-BN, we have demonstrated that h-BN can exhibit highly stable, efficient p-type conduction 
when grown under relatively low substrate temperature (400-800 C) and under N-rich conditions. 
At room temperature, the mobility is measured to be ~16 cm2/V·s, which is nearly ten times higher 
than that of Mg-doped AlN [73]. Moreover, free hole concentration can reach up to ~1020 cm-3, 
which is ten orders of magnitude larger than that previously measured for p-type AlN [42], [234], 
[242]. The resulting Mg dopant-free AlN/h-BN nanowire LEDs exhibit significantly enhanced 
optical and electrical performance compared to conventional AlN p-i-n LEDs, including higher 
output power, reduced efficiency droop, and better electrical efficiency. This work provides an 
alternative path to address the critical p-type doping challenge of wide bandgap III-nitride 
semiconductors and offers a viable approach for achieving high efficiency deep-UV optoelectronic 
devices that were not previously possible. 
5.3 Growth of AlN/h-BN Heterojunction Nanowire LEDs 
Schematically shown in Fig. 5.1(a), the AlN/h-BN nanowire LED heterostructure consists 
of 100 nm Si-doped AlN, 50 nm undoped AlN, and up to 10 nm h-BN. The energy band diagram 
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along the nanowire axial direction, showing that h-BN can provide effective charge carrier 
confinement in the LED active region and reduce electron overflow, is included in Section 1 of 
Appendix F. Catalyst-free, self-organized AlN nanowires were grown on Si substrate [44] in the 
first reaction chamber of two interconnected Veeco GENxplor RF nitrogen plasma-assisted MBE 
systems. The growth conditions include a substrate temperature of 900 °C, an Al flux measured as 
a beam equivalent pressure of 2 × 10-8 Torr, a nitrogen flow rate of 1 sccm and RF plasma forward 
power of 350 W.  A Si effusion cell was used for n-type doping the bottom segment of the AlN 
nanowires. The top portion acting as the active region was kept undoped. To promote the formation 
of these nanowires, n-GaN nanowires were first grown to serve as a template. Subsequently, the 
sample was transferred into the second MBE reactor chamber, which is equipped with an in situ 
e-beam evaporation boron source (99.999% purity). The growth of h-BN was conducted at 
substrate temperatures varying from 400 °C to 800 °C, by evaporating boron with a relatively low 
rate (< 0.1 Å/s), measured with an Inficon Guardian EIES controller, a nitrogen flow rate of 1.5 
sccm and RF plasma forward power of 350 W, corresponding to nitrogen rich conditions to 
promote the formation of B vacancies. Samples with h-BN thicknesses ranging from 1.5 nm to 10 
nm were grown. Shown in Fig. 5.1(b) is the SEM image of AlN/h-BN nanowire arrays, taken using 
a FEI F50 system. The sample was loaded with a 45° angle and an acceleration voltage of 5 kV 
was used. The nanowires are vertically aligned on the Si substrate and exhibit a relatively uniform 
height distribution, with a length and diameter of ~200 nm and 50 nm, respectively. For 
comparison, conventional AlN p-i-n and i-n heterostructures without BN incorporation were also 
grown under identical conditions. 
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Figure 5.1 – MBE growth of the AlN/h-BN nanowire array. (a) Schematic of the AlN nanowires 
(n-doped in green, undoped in blue) grown on a GaN nanowire template (in yellow) on a Si 
substrate (in gray), with a thin layer of h-BN on top (in red). (b) SEM image of such an as-grown 
nanowire array. 
 
5.4 Characterization of the AlN/h-BN Nanowires 
The AlN/h-BN nanowire structure was further investigated using aberration-corrected FEI 
Titan Cubed 80-300 STEM operated at 200 kV. The nanowire samples were mechanically 
removed from the Si substrate, deposited after dispersing in anhydrous ethanol or prepared by dry-
pressing directly onto carbon-coated TEM support grids for observation. The STEM BF image of 
a single nanowire, including the GaN template, is shown in Fig. 5.2(a) viewed along the a-plane 
orientation. The GaN (dark gray), AlN (gray) and h-BN (light gray) segments along the growth 
direction can be observed. The HAADF image of the same nanowire is shown in Fig. 5.2(b), with 
a detailed view of the nanowire top AlN/h-BN region in Fig. 5.2(c). The h-BN thickness is 
determined to be ~5 nm. Fig. 5.2(d) shows a high magnification HAADF image of the AlN (bright 
contrast) and h-BN (dark contrast) interface, which confirms that the AlN segment is free of 
extended defects. By comparison, the h-BN segment appears mostly dendritic, with the presence 
of nm-sized regions of crystalline lattice planes visible interlaced throughout. The measured 
interlayer spacing is 3.3 – 3.4 Å, and corresponds well to the h-BN (0002) interplanar spacing. The 
 90 
pseudo-color composite elemental map from EELS spectrum imaging in Fig. 5.2(e) illustrates the 
distribution of group-III elements in the top AlN/h-BN region. Weighted-principal components 
analysis was applied for noise reduction of the EELS spectrum images using the MSA plugin 
implemented within DigitalMicrograph by HREM Research Inc. The Al-map extracted from the 
Al L2,3-edge shows defined boundaries to the semi-polar top facets of the AlN segment. More 
notable is the B-map, showing the continuous coverage of h-BN along both the top and sidewall 
surfaces of the AlN nanowire, which leads to the formation of an AlN/h-BN core-shell nanowire 
heterostructure. 
To identify the crystalline phase of the boron nitride, additional spectroscopic analysis was 
conducted by STEM-EELS to investigate the nature of the bonding. The B K-edge spectrum in 
Fig. 5.2(f) exhibits the π* peak at 191 eV characteristic of sp2-hybridization in hexagonal BN, 
while the other peaks (σ* fine structures) also match the ones previously reported for h-BN [243], 
[244]. Similar correspondence is observed between the N K-edge because of the strong covalent 
bonding, including the π* peak and the subsequent σ* fine structures on the N K-edge [244]. The 
low-loss EELS spectrum from the h-BN layer (see Section 3 of Appendix F) shows a dominant 
bulk plasmon (σ + π type) peak at ~25 eV, and a secondary peak at ~8 eV corresponding to the π*-
plasmon that is also characteristic of sp2-hybridization in h-BN. The bulk plasmon peak energy 
provides further evidence that the crystalline form of the boron nitride film is hexagonal [245]. 
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Figure 5.2 – Structural characterization of a single nanowire. (a) STEM-BF and (b) HAADF 
images of an AlN/h-BN nanowire, highlighting the GaN template, AlN, and h-BN segments. (c) 
High-magnification HAADF image of the AlN/h-BN region, and inset (boxed in red) detailed 
views of the crystalline lattice within the h-BN layer (circled in yellow). Additional inset shows a 
bandpass filtered image of the region boxed in orange to emphasize contrast in the crystalline 
layers. (d) Detailed view of the h-BN layer from another area (boxed in green in b) in the same 
nanowire. (e) STEM-EELS elemental map of the region in c, extracted from the Al L2,3 and B K-
edges, showing conformal h-BN coverage on the top and sidewall facets of the AlN segment. (f) 
Core-loss EELS spectra of the N K, and B K-shell ionizations from the h-BN layer showing both 
π* and σ* components labeled that correspond to sp2 hybridization in hexagonal BN. 
 
The optical properties in the deep-UV range of the AlN/h-BN nanowire heterostructures 
obtained from power-dependent PL measurements are shown in Fig. 5.3(a). PL measurements 
were performed using a 193 nm ArF excimer laser as the excitation source. The emitted light from 
the samples were spectrally resolved by a high-resolution, UV-sensitive Horiba iHR550 
spectrometer and detected using a low-noise Symphony II CCD detector. The inset of Fig. 5.3(b) 
compares the PL spectrum measured at 210 nm at cryogenic (20 K) and room temperatures (300 
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K), using a helium cold finger cryostat, which agrees well with that measured from nearly defect-
free AlN nanowires [44]. The IQE is estimated by taking the ratio of the integrated PL intensity 
measured at 300 K over that at 20 K [178], assuming a near-unity efficiency at 20 K. Shown in 
Fig. 5.3(b), the IQE is derived to be ~80% over a broad range of excitation conditions, which is 
significantly higher than that of AlN epilayers [246]. PL emission characteristics of the h-BN 
segment as well as h-BN thin films grown under similar conditions are also characterized, 
dominated by emission from B vacancy-related defects (see Section 4 of Appendix F). 
 
Figure 5.3 – PL and optical properties of the nanowires. (a) Room-temperature PL spectrum of 
the AlN/h-BN nanowire sample at various excitation powers. (b) Estimated IQE at these 
excitation powers. Inset shows the PL spectrum centered at 210 nm at 20 K (in solid red) and 
300 K (in dashed black). 
 
5.5 Mg Dopant-Free AlN/h-BN Nanowire Light-Emitting Diodes 
Large-area, Mg dopant-free AlN/h-BN nanowire LED devices, as schematized in Fig. 
5.4(a), were subsequently fabricated and characterized. Devices were fabricated by depositing 
topside p-metal contacts (15 nm Ni / 10 nm Au) with the nanowire samples loaded at a tilted angle 
of 30°. These metal layers were deposited without the addition of a filling material to prevent the 
absorption of deep-UV photons by taking advantage of the high density of the nanowires and the 
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shadowing effect obtained by tilting these samples during the metal evaporation process. 10 nm 
Ti / 30 nm Au deposited on the backside of the heavily n-doped Si substrate act as a suitable n-
metal ohmic contact. Devices with sizes ranging from 0.1 mm2 to 1 mm2 were defined by standard 
photolithography techniques. Fig. 5.4(b) shows the I-V characteristics of a 0.3 mm  0.3 mm 
device, measured with a probe station and a Keithley 2400 source meter, with its photograph 
included in the inset. The same I-V plot in semi-log scale is included in Section 5 of Appendix F. 
The device exhibits excellent I-V characteristics, with negligible leakage current under reverse 
bias. The device turn-on voltage is ~5.5 V, which is only limited by the bandgap energy of AlN 
and h-BN. For comparison, previously reported planar c-plane AlN p-i-n LEDs exhibit turn-on 
voltages in the range of 20-30 V, due to the poor p-type conduction of AlN [42]. In this study, a 
forward bias voltage of 7.8 V is measured for a current density of 20 A/cm2, which corresponds to 
an electrical efficiency of 80%. We have also studied the I-V characteristics of identical nanowire 
devices except with the omission of h-BN, which did not show any current rectification behavior. 
This finding demonstrates, for the first time, that h-BN, through intentional B vacancy formation, 
can serve as a highly conducting p-contact layer for Al(Ga)N deep-UV optoelectronic devices. To 
further validate that h-BN can exhibit strong p-type conduction, we conducted detailed Hall effect 
measurements of a uniform h-BN film grown on an SiOx/Si substrate grown under similar growth 
conditions as that used for the nanowire LED. The Hall effect measurement was performed at 
various temperatures to measure the free hole concentration and mobility of a 10-nm thick, uniform 
h-BN thin film with a standard lock-in measurement technique and a resistive magnet with field 
up to 3000 Gauss. The film was grown on an SiOx/Si(001) substrate, where the thickness of the 
thermal oxide was 200 nm, and was patterned into an area of 200  200 m2, with electrodes being 
deposited in a standard van der Pauw geometry. The metal contacts consisted of Ni/Au/Ni/Au 
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(10/10/20/40 nm), deposited by e-beam evaporation and subsequently annealed at 500 C in N2 
ambient for 2 minutes. The sample was mounted in a nitrogen cryostat for variable temperature 
Hall measurements. The measured temperature dependent Hall mobility and bulk carrier density 
are shown in Fig. 5.4(c). The hole mobility and concentration follow that of conventional 
semiconductors, i.e., the Hall mobility decreases while the free hole concentration increases with 
increasing temperature. The hole mobility is 16 cm2/V·s and the hole concentration is as high as 
1020 cm-3, with a corresponding resistivity of 5 mΩ·cm, over ten orders of magnitude greater than 
that previously measured for Mg-doped AlN [42], [234], [242]. The specific contact resistivity 
was measured to be below 1 × 10-2 Ω·cm2. Such unusually strong p-type conduction is directly 
related to the formation of acceptor-like point defects in h-BN. The use of a relatively low growth 
temperature and N-rich conditions promote the formation of B vacancies. Recent theoretical 
studies have revealed that the energy levels of B vacancies are positioned at ~0.15 eV above the 
valence band edge [25], which can be readily ionized to provide free holes in h-BN. Detailed 
correlation between calculated defect energy levels and the optical spectra of h-BN are described 
in Sections 2 and 4 of Appendix F. Moreover, compared to the conventional p-GaN contact layer, 
h-BN is transparent in the deep-UV spectral range (see Section 6 of Appendix F). 
 
Figure 5.4 – Electrically injected AlN/h-BN nanowire LEDs. (a) Schematic of the fabricated 
LED structure, which includes thin Ni/Au p-metal contacts and the heavily n-doped Si substrate 
as the n-contact. (b) I-V curve of a 300 µm × 300 µm LED device at room temperature, with a 
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photograph of said device as the inset, which is characteristic of a diode rectification behavior. 
(c) Variation of Hole mobility and concentration of an equivalent h-BN layer grown on a SiOx/Si 
substrate as a function of temperature. 
 
Presented in Fig. 5.5(a) are the EL emission spectra of an AlN/h-BN nanowire LED 
measured at room temperature, with the emitted light being collected by a UV-sensitive optical 
fiber coupled to the same spectrometer used for the PL studies. The device exhibits emission at 
~210 nm, which corresponds to the excitonic emission of AlN. The lower energy shoulder 
emission can be attributed to the LO phonon replica of the exciton emission in AlN [226]. The 
small red shift of the peak wavelength with increasing current is due to the Joule heating effect. 
No other defect-related emission is measured in the deep-UV spectral range. This device is the 
first demonstration of EL from any h-BN/Al(Ga)N heterostructure [16], [94]. Shown in Fig. 5.5(b), 
the output power increases near-linearly with increasing injection current. The output power is 
estimated to be 50 nW at 60 A/cm2, by measuring the intensity of a commercial UV LED 
(Marktech Optoelectronics MTE280F13-UV) with a known power output to establish a calibration 
between the optical power and measured CCD counts. This output power is more than one order 
of magnitude greater than that measured from an equivalent AlN nanowire p-i-n LED device 
without the use of a h-BN contact layer. Since AlN nanowire segments in both samples are grown 
under identical conditions, the significantly enhanced output power of the AlN/h-BN LED is 
directly related to the enhanced hole transport and injection, and eliminated light absorption by the 
top p-Al(Ga)N segment. The use of h-BN p-contact layer provides not only more efficient hole 
transport and injection, but also effective charge carrier confinement in the active region, which 
can lead to significantly reduced electron overflow. The relative EQE, defined as the ratio of output 
power and current density, is plotted in Fig. 5.5(c) for various injection currents. The EQE first 
increases with increasing injection current, then saturates and decreases at high injection currents. 
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This behavior is characteristic of the efficiency droop in LEDs, due to factors such as electron 
overflow and other carrier loss mechanisms [65], [66], including in AlN-based devices [72]. 
 
Figure 5.5 – EL properties of the AlN/h-BN nanowire LED. (a) EL spectrum of this LED device 
at ~210 nm for various injection currents, measured at room temperature. (b) Light output as a 
function of injection current, showing a near-linear increase and saturation at higher current 
densities. The black squares show the same measurement results for an equivalent AlN p-i-n 
homojunction LED. The black dashed line is a linear extrapolation of the output power at higher 
current densities. (c) Relative EQE as a function of the injection current density for this LED 
device, showing an increase up to a maximum efficiency, followed by a droop at higher injection 
currents. 
 
We have monitored the device performance, including I-V and light emission 
characteristics, over a six-month period, which has remained virtually unchanged, confirming the 
stability of hole conduction of h-BN. 
5.6 Conclusion 
The highly efficient, stable p-type conduction of h-BN, together with its large bandgap and 
unique band alignment with Al(Ga)N, can therefore effectively address the present challenges of 
UV-C optoelectronics. With controlled p-type characteristics, h-BN is also positioned to 
significantly advance the efficiency of III-Nitride LEDs and lasers operating in the UV-B, UV-A, 
blue, and blue-green wavelength ranges by replacing the highly resistive Mg-doped Al(Ga)N 
layers. Moreover, the highly conductive and transparent h-BN nanowire and film structures opens 
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up exciting opportunities to replace indium tin oxide (ITO), which is one of the most widely used 
transparent conductive electrodes, but is limited by the high cost and shortage of indium [247], 
and inadequate transmittance for wavelengths below 400 nm [248]–[250]. For high-performance 
applications, deep-UV transparent sapphire substrates can be utilized.  Future work also includes 
the development of Al(Ga)N/h-BN quantum-confined nanostructures and planar heterostructures 
to control the polarization of deep-UV light emission and to achieve wavelength tunable high 
efficiency LEDs and lasers operating in the UV-C band. 
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Chapter 6 Effect of Growth Temperature on the Structural and Optical Properties of Few-
Layer Hexagonal Boron Nitride by Molecular Beam Epitaxy 
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BN, in particular its hexagonal polymorph (h-BN), has shown in recent years tremendous 
promise when used alongside other 2D materials such as graphene, and as a wide-bandgap 
semiconductor for deep UV optoelectronics and quantum photonics. Given its crystalline structure, 
h-BN can be the perfect 2D insulator with an atomically smooth surface [251]. This property makes 
it suitable for van der Waals epitaxy [20], [27] and as a substrate for the growth of other 2D 
materials such as graphene [30]. In addition, h-BN as a wide-bandgap semiconductor has many 
promising applications in deep-UV photonics. Owing to its large bandgap energy, comparable to 
or higher than Al(Ga)N, h-BN can be used to form heterostructures to address some of the critical 
challenges of Al(Ga)N-based systems, allowing for better device performance and efficiency [16], 
[17]. To date, however, many fundamental material properties of h-BN remain unknown. For 
example, its bandgap energy remains under debate, with reports spanning from 5.9 to 6.5 eV. There 
is also strong controversy as to whether h-BN has a direct or indirect bandgap [14], [19]–[22]. To 
better understand and further analyze these unique properties, it becomes critical to develop 
controllable means to epitaxially grow h-BN of high crystalline quality.  
Many previous studies of this material use thin films obtained by mechanical or chemical 
exfoliation of h-BN flakes [251], but more scalable growth of h-BN by MOCVD [252]–[254] and 
MBE [30], [255], [256] are essentially required for practical device application. To date, however, 
the epitaxy of h-BN and a detailed understanding of its fundamental properties are still in their 
infancy. Recent findings include the importance of the nitrogen atom supply (NH3 flow rate) for 
MOCVD-grown h-BN in eliminating nitrogen vacancies, resulting in epilayers with pure free 
exciton emission [26]. It is also believed that high MBE growth temperatures favor the formation 
of crystalline h-BN [257], [258]. A variety of substrates have been considered, including sapphire 
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[259], [260], pyrolytic graphite [257], and metals such as Cu [261], [262], Pt [263], and Co [30]. 
In particular, Ni(111) is an attractive substrate [254], [255], [258], [264], [265], due to a small 
lattice mismatch (~0.5%) with h-BN [266] and strong interaction in the chemical bonding [267].  
In this work, we have investigated, both theoretically and experimentally, the properties of 
few-layer h-BN grown by plasma-assisted MBE, using a relatively low growth rate (<0.1 Å/s), and 
nitrogen-rich condition on Ni(111) substrate. It is observed that the material quality depends 
critically on the growth temperature. When grown at temperatures <1000 °C, the h-BN film is 
polycrystalline and defect-related PL emission dominates. Epitaxial domains of exceptional 
crystalline quality are obtained at elevated substrate temperatures of ~1300 °C, which was 
validated by micro-Raman analysis and strong near-band-edge emission (~220 nm). At room 
temperature, the luminescence intensity of few-layer h-BN is nearly 100 times higher than that of 
high quality, 4-µm thick, commercially grown direct-bandgap AlN. Theoretically, we have studied 
the vibrational, electronic, and optical properties of h-BN using atomistic calculations based on 
density functional and many-body perturbation theory, which agree well with the experimental 
results [268]. Our studies suggest that, although h-BN has an indirect bandgap, it can luminesce 
as efficiently as a direct-bandgap material, demonstrating the extraordinary potential of epitaxial 
h-BN for deep UV optoelectronics and quantum photonics. 
6.3 Growth and Characterization of Few-Layer h-BN 
Few-layer h-BN samples were grown on bulk crystalline Ni(111) substrate using a Veeco 
GENxplor RF nitrogen plasma-assisted MBE system equipped with an e-beam evaporation source 
for elemental boron (99.999% purity). The boron evaporation rate was monitored with an Inficon 
Guardian EIES controller. Growths with nitrogen flow rates from 0.3 to 3 sccm were attempted, 
in all cases at a constant RF plasma forward power of 350 W. Substrate temperatures from 500 up 
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to 1300 °C were used in these studies. Prior to initiating the growth, the 1 cm × 1 cm Ni(111) 
substrates were outgassed, and subsequently heated to 900 °C for 30 min to thermally desorb the 
surface native oxide [255]. Growth was monitored in situ by RHEED. Both in situ and ex situ 
characterization of a series of samples showed that, under the presented growth conditions, the 
growth temperature has the most significant impact on the structural and optical quality of h-BN 
by MBE [269]. 
Figure 6.1 shows a 45° tilted-angle SEM image of h-BN samples. In the case of Sample A 
grown at 500 °C (see Figs. 6.1(a) and 6.1(d)), the RHEED pattern initially showing the streaks 
from the bulk Ni(111) substrate [255] transitioned to a series of uniform ring diffraction patterns 
indicative of polycrystalline growth [270], with the formation of nanoscale grains and dendritic 
micro-surface. Increasing the growth temperature to 900 °C causes a spotty RHEED pattern 
indicative of a rough surface morphology (not shown) [160], and the samples examined post-
growth exhibited poor optical and structural characteristics. Similar behavior is observed until the 
substrate temperature is increased to 1200 °C, such as is the case of Sample B (see Figs. 6.1(b) and 
6.1(e)), where a streaky RHEED pattern was sustained for the duration of the h-BN growth, 
suggesting two-dimensional epitaxial growth [160]. As can be seen from SEM, the grown material 
is not uniformly covering the substrate surface. There are rather signs of interconnected or 
overlapping triangular or star-shaped nucleation centers [262], [271], [272]. It was noticed during 
the ramp-down process at the end of growth that the RHEED pattern gets broadened. It is however 
clear at higher-magnification SEM that the h-BN domains are themselves smooth and conformal 
to the underlying substrate. Sample C (see Figs. 6.1(c) and 6.1(f)) was grown at 1300 °C and 
showed a narrowing of the streaky RHEED pattern observed from Sample B, which is a sign of 
improved crystalline quality. SEM at low magnification shows the formation of more uniformly 
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spread and less clustered triangular domains promoted by the higher growth temperature 
enhancing boron adatom migration and diffusion along the surface [258], [265]. While an exact 
thickness of the h-BN domains cannot be measured given their overlaps and clustering, and the 
irregularities of the substrate surface, the lower and upper boundaries can be estimated to be from 
several monolayers up to a few nm. 
 
Figure 6.1 – (a)-(c) Snapshots of RHEED patterns during the growth of h-BN at 500 °C (Sample 
A), 1200 °C (Sample B) and 1300 °C (Sample C), respectively. The RHEED pattern transitions 
from polycrystalline rings to continuous streaks with samples growing at higher temperature. 
(d)-(f) SEM images of the same three sample surfaces. 
 
A composition analysis of Sample C was conducted by XPS using a Thermo Scientific K-
Alpha system with 100 µm scan size; binding energies were calibrated from the reference C 1s 
peak (285 eV) [256]. Figures 6.2(a) and 6.2(b) were obtained from the high-resolution scans of B 
1s and N 1s. Both spectra show a single peak at a binding energy of 191 eV and 398 eV, 
respectively, corresponding to the B-N bond; and the π-plasmon peak in the B 1s spectrum at ~200 
eV is a signature of h-BN [273]. The XPS elemental analysis using the Thermo Scientific Avantage 
Data System suggests the formation of pure h-BN on the Ni(111) substrate with nearly 1:1 
chemical stoichiometry. It is worth noting that the extremely low oxygen content of this sample 
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(<2%), given the strong tendency for nickel to oxidize, would indicate the h-BN layers have 
completely covered the substrate surface [261], [274]. 
The structural quality of these samples was further characterized by micro-Raman 
spectroscopy. The measurements were performed using a Renishaw InVia system with a 100× 
objective and a 488 nm excitation laser. Shown in Fig. 6.2(c), Sample A, the polycrystalline boron 
nitride thin film grown at 500 °C, exhibits a peak position at ~1365 cm-1, which is consistent with 
the hexagonal polymorph of this material [275]–[277]. Due to the imperfect material quality, this 
peak is relatively broad and weak; and a secondary peak at ~1600 cm-1 is also present, and is 
attributed to the theoretically calculated LO phonon mode at 1627 cm-1 becoming Raman-active 
by symmetry breaking, e.g., by disorder or on a surface (inset of Fig. 6.2(c)) [278]. Serrano et al. 
reported a similar experimental (theoretical) value of 1609.9 cm-1 (1610.7 cm-1) [279]. The Raman 
spectrum of the bare Ni substrate was also measured as a baseline reference. Sample C grown at 
1300 °C shows a drastically narrower and stronger Raman peak at 1360 cm-1 (shown in Fig. 
6.2(d)), corresponding to the in-plane vibrational mode between boron and nitrogen. The FWHM 
of this Raman peak is 13 cm-1, which is one of the narrowest reported for epitaxially grown h-BN 
[93], [271], [276], [280]. Our density functional perturbation theory (DFPT) calculations predict a 
frequency for this phonon mode with symmetry E2g at 1394 cm
-1, agreeing within 3% to the 
experimentally measured value (inset of Figs. 6.2(c) and 6.2(d)). There is also the emergence of a 
secondary weak peak at ~800 cm-1. Our DFPT studies suggest the presence of two phonon modes 
at 747 cm-1 (IR-active; A2u symmetry) and 818 cm
-1 (IR- and Raman-forbidden; B1g) (inset of Fig. 
6.2(d)). Serrano et al. also reported a phonon mode with A2u symmetry at 747 cm
-1 (theory) and 
783.2 cm-1 (experiment) and another with B1g symmetry at 809.8 cm
-1 (theory) [279]. With 
symmetry breaking at the surface of the sample, one of these modes could become Raman-active. 
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Figure 6.2 – XPS high-resolution spectrum of B 1s (a) and N 1s (b) for the h-BN Sample C. 
Micro-Raman spectrum of: (c) Sample A (in solid blue) as compared to the bare Ni substrate (in 
dotted black). The h-BN sample shows peaks at ~1365 and 1600 cm-1, corresponding to 
theoretical frequencies of 1394 (Raman-active; E2g) and 1627 cm
-1 (IR-active LO mode; E1u); (d) 
Sample C, showing a strong and narrow Raman peak at 1360 cm-1 (FWHM of 13 cm-1). A 
secondary weak peak at 800 cm-1 is also present. Symmetry-breaking at the surface could turn 
the theoretically calculated mode at 747 (IR-active; A2u) or 818 cm
-1 (IR- and Raman-forbidden; 
B1g) into a Raman-active mode. 
 
6.4 Optical Properties of Few-Layer h-BN Grown by MBE 
Optical properties of these samples were characterized using temperature and power 
variable PL spectroscopy with a 193 nm ArF excimer laser as the excitation source. The emitted 
photons from the samples were spectrally resolved by a Horiba iHR550 spectrometer and detected 
using a low-noise Symphony II CCD detector. Shown in Fig. 6.3 are the room-temperature PL 
spectra of h-BN Samples A, B and C, grown at 500 °C, 1200 °C and 1300 °C, respectively. Sample 
A shows broad PL peaks centered at ~260 and 300 nm, which are attributed to defect-level 
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transitions in h-BN, such as boron vacancies, as identified in previous studies [99]. Significantly 
reduced defect-related emission was measured for the sample grown at 1200 °C (Sample B), with 
a dominant emission peak at ~220 nm. For the sample grown at 1300 °C (Sample C), the PL 
intensity of this short-wavelength emission is increased considerably, with the presence of 
negligible defect-related emission. It is worth noting that these samples were grown using similar 
growth rates and durations, but that under such conditions, other samples with a reduced growth 
duration exhibited the same PL spectra but with slightly lower intensities, which can simply be 
due to less h-BN domains per unit area taking part in luminescence. The PL spectrum of Sample 
C measured at 20 K is further shown in the inset of Fig. 6.3, which exhibits distinct emission peaks 
at ~219, 223, and 226 nm. These emission peaks can be ascribed to free and bound exciton related 
emission and have been previously observed in h-BN epilayers [19], [21], [22]. On the other hand, 
recent studies suggested that h-BN had an indirect energy bandgap and these emission peaks could 
be attributed to phonon-assisted processes [20], [281]. 
 
Figure 6.3 – Room-temperature PL spectra of three h-BN Samples A (in blue), B (in green) and 
C (in red). As growth temperature is increased, the short-wavelength emission is enhanced, and 
the longer-wavelength defect emissions are suppressed. The inset shows the PL spectrum 
measured at cryogenic temperature of Sample C. 
 
 106 
6.5 Theory and Discussion 
To elucidate the underlying mechanism for the luminescence emission of h-BN, we have 
calculated the phonon frequencies and displacements using DFPT [282] as implemented in 
Quantum Espresso [283]. We have also determined the band structure with the GW method and 
the binding energy of the lowest-energy direct exciton via the Bethe-Salpeter equation (BSE) as 
implemented in the BerkeleyGW code [284]. We identified the locations of the band extrema and 
their corresponding optical matrix elements using the maximally localized Wannier function 
method [285] and the wannier90 code [286]. Our atomistic calculations reveal that even though h-
BN has an indirect bandgap, it luminesces like a direct-gap material because the corresponding 
phonon-assisted optical matrix element is strong. Figure 6.4 illustrates a schematic band structure 
of h-BN. The indirect bandgap of 6.20 eV occurs between the valence-band maximum (VBM) at 
(0.390, 0.310, 0.990) and the conduction-band minimum (CBM) at the (0.485, 0.035, 0.010) points 
of the Brillouin zone (in crystal coordinates). The minimum direct gap of 6.69 eV occurs at (0.670, 
0.670, 0.480). We attribute the difference between the bandgap and the measured luminescence at 
lower photon energy to strongly bound excitons. We find the lowest-energy direct exciton binding 
energy to be 0.83 eV as calculated with the BSE method using a Brillouin-zone sampling grid of 
24×24×12. This value is consistent with previous studies [21], [22]. Additionally, optical 
transitions in indirect-gap materials can be assisted by phonons, which enable energy and 





  (Equation 6.1) 
where pVBM=0.61 (in atomic units) is the velocity matrix element for intraband optical transitions 
between the valence and conduction band at the VBM location (the corresponding CBM matrix 
element is approximately zero), g=320 meV is the electron-phonon coupling matrix element in the 
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conduction band (determined with the Fröhlich model) [50], ħωphonon=0.2 eV is the frequency of 
the LO phonons, and ∆E=0.6 eV in the energy denominator is the difference between the 
conduction-band energies at the VBM and the CBM locations [287]. Here we assumed that 
electrons couple most strongly to the polar optical LO phonons, which is typical of polar 
semiconductors. The indirect matrix element is then S2=0.06 (in atomic units), which is 600 times 
larger than the corresponding matrix element in silicon [288]. h-BN can thus luminesce as 
efficiently as a direct-gap material, even though its band structure has an indirect gap. 
 
Figure 6.4 – Schematic band structure of BN near the band extrema. Although the bandgap is 
indirect, the phonon-assisted matrix element S is similarly strong to direct optical transition, and 
hence BN luminesces as a direct-gap material. 
 
To confirm such a theoretical prediction, we compared the PL emission of h-BN with AlN, 
a direct bandgap semiconductor with similar energy bandgap values. Shown in Fig. 6.5(a) are the 
PL spectra of h-BN grown by plasma-assisted MBE (Sample C) and a commercial AlN epilayer 
sample (~4-m thick, MSE Supplies LLC) measured under the same conditions at room 
temperature. It is seen that the PL intensity of few-layer h-BN is nearly 100 times stronger than 
that of thick AlN film. Variations of the PL intensity versus excitation power for both h-BN and 
AlN are further illustrated in Fig. 6.5(b), showing the much stronger emission of h-BN over a wide 
range of excitation conditions. These measurements provide unambiguous evidence that h-BN, 
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albeit an indirect bandgap semiconductor, can luminesce efficiently like a direct-gap material, 
which is attributed to the unusually strong electron-phonon coupling. Moreover, the radiative 
recombination rates can be further enhanced by the strong excitonic effect of h-BN. The efficient 
radiative recombination also suggests the presence of negligible surface dandling bonds and 
defects of h-BN grown by plasma-assisted MBE. 
 
Figure 6.5 – (a) Room-temperature PL emission of Sample C (in red) as compared to a 
commercial AlN epilayer template on sapphire (in black). (b) Integrated PL intensity of both 
samples measured at various laser excitation powers. 
 
6.6 Conclusion 
We have demonstrated that superior quality h-BN can be obtained when grown at relatively 
high substrate temperature (~1300 °C) by plasma-assisted MBE. Significantly, our combined 
theoretical and experimental studies reveal that, even though the gap of h-BN is indirect, it 
luminesces as strongly as direct-gap materials. These findings provide new insight and further 
offer unique opportunities for the design and development of h-BN photonic and optoelectronic 
devices that can operate efficiently in the deep UV wavelengths. 
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Chapter 7 Hexagonal Boron Nitride Deep Ultraviolet Excitonic Light Emitting Diodes 
 
7.1 Author Contributions and Copyright Disclaimer 
At the time of writing, the work in this chapter is based on a manuscript that is in 
preparation. I designed, conducted and authored most of the work. Additional contributors to the 
experiments are Ping Wang, Ayush Pandey, Eric T. Reid and Zetian Mi, with past or current 
affiliation with the University of Michigan. The work was supervised by Z. M., who contributed 
to the design of the experiments. P. W. and A. P. contributed to the fabrication and characterization 
processes. E. T. R. conducted the polarization-resolving PL measurements. In addition, there are 
ongoing collaborations on the theoretical analyses and calculations by the Emmanouil Kioupakis 
and Mackillo Kira groups at the University of Michigan. 
7.2 Background and Motivation 
h-BN has shown tremendous promise given its unique characteristic of being both a 2D 
material and a wide-bandgap semiconductor, making it desirable for deep-UV optoelectronics and 
quantum photonics [289]. h-BN can be used to form heterostructures to address some of the critical 
challenges of Al(Ga)N-based systems [99], [290], [291]. To date, however, many fundamental 
material properties of h-BN remain unknown. Its bandgap energy remains under debate, and there 
are recent studies suggesting an indirect to direct band crossover for monolayer h-BN [23], [24]. 
In our previous study of this material, our atomistic calculations revealed that, even though the gap 
of h-BN is indirect, it can luminesce as strongly as direct-gap materials, because of the unusually 
strong phonon-assisted optical matrix element, which is nearly 600 times larger than that of Si 
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[100]. And indeed, we experimentally found that the PL intensity of a h-BN sample grown by 
MBE with a thickness on the order of nanometers is 10 to 100 times stronger than that of a high-
quality 4-µm-thick commercially-grown direct-bandgap AlN, demonstrating the extraordinary 
potential of epitaxial h-BN for deep-UV optoelectronics and quantum photonics. In this regard, 
while the CL and PL of h-BN synthesized using a variety of methods have been studied in detail 
[14], [19], [257], [289], [292], there are to our best knowledge no reports on EL, from an 
electrically injected device with h-BN as its active region. This work addresses this missing piece 
of the puzzle, demonstrating an LED with h-BN EL. 
7.3 Hexagonal Boron Nitride LED Structure  
Given the current limitations of doping h-BN [16], [17], [293], and our success in 
previously demonstrating superior quality h-BN obtained by MBE on Ni substrate [100], 
surpassing that of exfoliated h-BN, the LED structure schematized in Fig. 7.1 was designed and 
experimentally attempted. It consists of the aforementioned h-BN/Ni, with the addition of an AlN 
p-i-n stack regrown on top. As such, the Ni substrate readily acts as the p-contact for hole injection 
through the h-BN active region [44], [99]. The n-type carriers injected from the top Ti/Au metal 
contact and n-AlGaN contact layer could also reach and recombine in the h-BN active region via 
electron overflow [65], [66]. It was found that this design was not only successful in demonstrating 
EL from h-BN for the first time, but in the process revealed previously unobserved peaks with 
relatively much stronger and narrower intensity. Their origin is currently being investigated. 
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Figure 7.1 – Schematic of the LED structure consisting of a p-i-n AlN stack on h-BN on Ni 
substrate. The substrate acts as the p-contact, while thin Ti/Au metal pads act as n-contacts on 
top of the n-AlGaN contact layer. 
 
7.4 Growth of the LED Structure 
The details of the epitaxy of h-BN by using plasma-assisted MBE on Ni substrate are 
discussed elsewhere [100]. For this work, unannealed polycrystal Ni metallic wafers (MTI 
Corporation) were used. The substrate temperature was optimized to promote a dense surface 
coverage of the h-BN epitaxial domains, while maintaining the excellent material quality based on 
our previous studies. The AlN p-i-n stack consisted of a regrowth under nitrogen-rich and doping 
conditions similar to our previously reported AlN nanowires [44]. The substrate temperature was 
however reduced considerably (~600 °C), as this was identified as the solution for conformal and 
dense coverage of AlN, preventing paths for electrical shorts between the h-BN domains and grain 
boundaries in the Ni substrate. In the final minutes of the regrowth, the substrate temperature was 
further lowered, and a Ga flux was introduced to form a thin n-AlGaN contact layer [44]. The 
regrowth stack thickness is estimated to be ~100 nm. The SEM images in Fig. 7.2 taken using a 
Hitachi SU8000 system show the h-BN domains on Ni and the sample surface after the Al(Ga)N 
regrowth. Interestingly, the h-BN features are still perceptible, given the morphological differences 
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of AlN grown on h-BN or Ni. This is indicative that the h-BN were largely unaffected by the 
regrowth process. 
 
Figure 7.2 – SEM images of the h-BN/Ni surface before (top) and after (bottom) the AlN 
regrowth. The h-BN features remain noticeable and unchanged under relatively thick AlN. 
 
7.5 Optical Properties of the h-BN 
The optical properties of the epitaxial h-BN were characterized using variable excitation 
power and temperature-dependent PL spectroscopy with a 193 nm ArF excimer laser as the 
excitation source. The sample emissions were spectrally resolved by a Horiba iHR550 
spectrometer and a UV-sensitive Symphony II CCD detector. Fig. 7.3(a) is a plot of the PL 
intensity integrated at ~220 nm at cryogenic and room temperatures. Fig. 7.3(b) shows an 
estimated IQE of ~50%, obtained by taking the ratio of integrated PL intensities at room and low 
temperatures, assuming near-unity quantum efficiency at low temperature [178]. From 
polarization-resolving PL, we found that the h-BN emission is predominantly TE polarized light 
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(see Fig. 7.3(c)), which is in direct contrast to the dominant TM polarized emission of AlN and 
Al-rich AlGaN [62], [63]. This offers significant advantages in achieving high LEE for potential 
deep-UV LEDs, compared to Al(Ga)N-based LED structures. 
 
Figure 7.3 – (a) Integrated PL intensity at ~220 nm of h-BN/Ni at various excitation powers at 
cryogenic and room temperatures. (b) Estimated IQE of h-BN/Ni of ~50% at various excitation 
powers. (c) Polarization-resolving PL spectra of h-BN/Ni, showing predominantly TE polarized 
light being emitted. 
 
7.6 h-BN LED Demonstration 
The h-BN-based LED was fabricated by depositing topside n-metal contacts (15 nm Ti / 
20 nm Au). Devices with sizes ranging from 0.1 to 1 mm2 were defined using standard 
photolithography techniques. Fig. 7.4(a) shows the I-V characteristics of a 1 mm × 1 mm device, 
directly contacted with needle probes and a Keithley 2400 source meter, with its photograph 
included as the inset. The device exhibits excellent I−V characteristics, with low leakage current 
under reverse bias. The device turn-on voltage is ∼12 V. For comparison, previously reported 
planar c-plane AlN p-i-n LEDs can exhibit turn-on voltages as high as 20-30 V [42]. This confirms 
that although the AlN regrowth was conducted at relatively low temperature, its material and 
dopant properties are acceptable. Presented in Fig. 7.4(b) is the EL emission spectrum of the 1 mm 
× 1 mm LED device at room temperature, with the emitted light being collected by a UV-sensitive 
optical fiber coupled to the same spectrometer used for the PL studies. The device exhibits EL 
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emission at ∼220 nm, consistent with the previous reports of CL and PL of h-BN. It is worth noting 
from the EL spectra that the peaks resolve at high injection only, which agrees with the LED design 
based on electron overflow for getting the n-carriers to recombine in the h-BN active region. 
Furthermore, these peaks were not measured from a control sample consisting of the AlN p-i-n 
stack grown directly on Ni without h-BN, supporting that they originate from h-BN. 
 
Figure 7.4 – (a) I-V curve of a 1 mm × 1 mm LED device, with a photograph of the device being 
probed as the inset. (b) Room-temperature EL spectrum of the device (in red) in the deep UV 
wavelength range, as compared to the low-temperature PL emission peaks (in blue) from a h-
BN/Ni sample.  
 
7.7 Conclusion 
This first realization of an LED with h-BN electroluminescence is a major milestone for 
the next generation of deep-UV light emitters. It validates the favorable luminescence properties 
of this material, even though its bandgap may be indirect, and the critical role it has used alongside 
Al(Ga)N in forming heterostructures. It is also worth noting the strengths of using a scalable 
method, MBE, for the synthesis of these structures: a large number of devices were fabricated 
using standard techniques (without having to rely on electron-beam lithography) and probed using 
common needle probes without strict handling requirements.  
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Chapter 8 Summary and Future Work 
 
8.1 Summary 
This previous chapters in this thesis presented key studies and advances of the MBE growth 
of wide-bandgap III-Nitride materials, with characterization and measurement results focusing on 
deep-UV light emission. Improvements of the growth process of Al(Ga)N epilayers on lattice 
mismatched substrates are first realized, such that these thin films are now of comparable or better 
quality than samples reported by other established and relatively more mature technologies 
traditionally used for these materials. The MBE growth of h-BN was then investigated, both to 
obtain structurally and optically high-quality material and form heterostructures with AlN. A 
milestone result is the first demonstration of electroluminescence from h-BN embedded in an LED 
structure. This chapter provides an overview of suggested future work expanding on these studies. 
8.2 Further Improvements in the MBE Growth of Al(Ga)N Epilayers 
Chapter 3 presented a method for growing AlGaN epilayers with tunable Al composition. 
Chapter 4 discussed how in situ annealing steps can improve the AlN material quality. A first 
proposed plan for further optimizing the growth of AlGaN would be to incorporate the in situ 
annealing steps. Preliminary work, shown in Fig. 8.1, indicates improvements in PL intensity, 
which may be indicative of higher material quality. 
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Figure 8.1 – PL spectra of AlGaN epilayer samples grown with (in red) and without (in black) in 
situ annealing in the MBE chamber. (Source: courtesy of Ayush Pandey, University of Michigan) 
 
An alternative approach to the in situ annealing process during growth would be a high 
temperature annealing of the sample post-growth. Preliminary studies of this process however 
showed severe decomposition and roughening of the sample. Depositing a thin (20 nm) aluminum 
oxide capping layer by atomic layer deposition (ALD) prior to the annealing process provided 
effective surface protection. When the samples were re-loaded into the MBE chamber and 
annealed at up to 1800 °C, changes could be seen in the XRD and PL characteristics. The (002) 
rocking curve peak FWHM remains constant, but eventually increases once the annealing 
temperature becomes too high (>1700 °C). The (102) peak however keeps narrowing and the PL 
intensity keeps increasing with higher temperatures. This is shown in Fig. 8.2 and indicates that 
with an optimal annealing temperature post-growth, further improvements in AlN material quality 
can be achieved, which would be relevant for AlN/sapphire photonic applications [294]. 
















Figure 8.2 – (a) XRD (102) rocking curves of AlN films annealed at different temperatures, 
showing a reduction in linewidth compared to the as-grown sample. (b) Normalized PL spectra 
of AlN annealed at different temperatures, showing stronger intensities with increasing 
annealing temperature. (Source: courtesy of Eric T. Reid, University of Michigan) 
 
Expanding of the improvements of the AlN epilayers on sapphire, a next step would be to 
grow the AlGaN epilayers on that platform instead of the commercially available templates on 
sapphire. With superior optical properties, a reduction in dislocation densities, and the option to 
grow the AlGaN on AlN stack directly without forming an interface due to the exposure of the 
AlN template surface to air, improvements in the AlGaN-based UV LEDs are expected.   
8.3 Doping of MBE-Grown AlN Epilayers 
Based on the AlGaN growth method established in Chapter 3, the charge carrier transport 
properties of Mg-doping the wide-bandgap AlGaN films were studied [295], and enhanced p-type 
doping efficiencies were demonstrated by utilizing a metal-semiconductor junction assisted 
epitaxy process [194]. This has yet to be accomplished for AlN. Even Si-doped n-AlN currently 
remains elusive irrespective of method used [51]. 
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8.4 Elucidating the Luminescence and Excitonic Properties of h-BN 
The h-BN LED measurements presented in Chapter 7 reveal additional luminescence peaks 
previously unobserved from theoretical, CL or PL reports of h-BN, [19]–[21], [26], [257], [276], 
[289], [296]–[299], nor any type of luminescence from AlN [70], [71], [226]. The longer-range 
EL spectrum is shown in Fig. 8.3. These peaks are of stronger intensity and narrower linewidth 
than the BN EL emissions around 220 nm. More involved studies and theoretical calculations 
would be necessary to elucidate the mechanisms at play. Given the strong exciton effects in h-BN 
[300]–[302], one proposed explanation is that these luminesce peaks originate from indirect 
excitons at the AlN and h-BN interface with possible phonon sidebands, as illustrated in Fig. 
8.4(a). Given the unusually strong electron-phonon coupling in h-BN, and large exciton binding 
energies compared to the other III-Nitrides, other previously unseen interactions may arise, for 
example involving polarons [293], [303], [304], as illustrated in Fig. 8.4(b). 
 
Figure 8.3 – EL spectrum of the h-BN LED presented in Chapter 7. Circled in green is the 
emission range that is consistent with the luminescence properties of h-BN. The red arrows 




Figure 8.4 – (a) Flat-band schematic of the h-BN/AlN interface, showing the formation of an 
indirect exciton between an electron in h-BN and hole in AlN. (b) Illustration of possible 
polarons in the h-BN lattice from phonon-exciton coupling. 
 
8.5 Towards Wafer-Scale Monolayer h-BN 
As mentioned in Chapter 1, ML BN is desired for a number of applications, especially if it 
can be grown at the wafer scale [305]–[307]. Using the high-temperature MBE approach similar 
to the one described in this thesis but on highly oriented pyrolytic graphite (HOPG) substrates, 
linearly aligned, uniform ML BN nanoribbons are grown along the HOPG steps. This work in 
ongoing. For the h-BN on Ni used in Chapter 7, preliminary AES mapping results indicate h-BN 
coverage even around the triangular domains, although much thinner, possibly a monolayer. 
Another indication of this being achievable was observed during the growth optimization of h-BN 
on polycrystal Ni substrates. When the growth temperature was unintendedly too high, the 
triangular domains appeared to have more spread, with almost complete surface coverage, as 
shown in the SEM image in Fig. 8.5. Further efforts focusing in this temperature range, and for 




Figure 8.5 – SEM image of h-BN on Ni grown at unintendedly high temperature, showing a 
spread of the nucleation domains and more complete surface coverage. 
 
8.6 Hybrid h-BN/Al(Ga)N Heterostructures 
Chapter 5 presented notable enhancements of AlN nanowires when combined with h-BN. 
A promising characteristic was the achievement of p-type conduction suitable for deep-UV 
applications without the challenges associated with Mg doping of AlN. A next step would therefore 
be to attempt similar heterostructures with Al(Ga)N epilayers to validate the scalability of this 
approach to planar UV LEDs. 
While the AlN/h-BN on Ni samples were robust enough for device fabrication and 
measurements without any processing or handling concerns, it was observed that the flakes of 
material can be mechanically delaminated if done intentionally, as shown in the SEM images of 
Fig. 8.6. h-BN domains are still visible on the Ni substrate in regions where the AlN was removed. 
It is currently unclear whether some layers of h-BN peel off along with the AlN, therefore requiring 
additional studies using some of the more advanced characterization techniques. This type of lift 
off can be a pathway for free-standing III-Nitride materials or for transfer onto different substrates. 
In addition, if it is found that h-BN indeed peels off with the AlN, it would become a way to 
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integrate the conventional III-Nitrides in van der Waals heterostructures similar to the 2D layered 
materials, enabling a new realm of possibilities. This type of studies have been successfully 
conducted in the past by other groups for (In)GaN with graphene [308], [309] or even h-BN [310], 
[311], but remains a challenge for AlN. In addition, none of these reports are by MBE, which 
would offer advantages in terms of the controllability of the different layers and the interfaces. 
 
Figure 8.6 – SEM images at low (left) and high (right) magnifications of the mechanically 
delaminated material grown on Ni. 
 
8.7 Boron Containing III-Nitride Alloys 
Boron containing III-Nitride ternary and quaternary alloys are appealing for the additional 
degree of freedom that such compounds can offer in the design of heterostructures. Theoretical 
and experimental studies on boron containing thin-film structures have been previously reported. 
Benefits of B(In,Ga,Al)N materials include the possibility of varying the lattice constant for lattice 
matching with AlN and SiC substrates [312]–[315], bandgap engineering for refractive index 
tuning and strain compensation [32], [312], [316], and decreased built-in internal polarization 
fields [317]. Experimental demonstrations of B(In,Ga,Al)N, mainly grown by MOVPE, have 
however been limited to low boron compositions, as further increases have led to a degradation of 
the material quality and structural properties from strain induced defects due to segregation and 
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phase separation effects [31], [316], [318]–[320]. While most of these reports focused on ternary 
BGaN or BAlN, avoiding the additional complexities and challenges of quaternary alloys, a recent 
theoretical study proposes that BAlGaN can in fact be a promising material for Al(Ga)N 
heterostructures [321]. These results indicate that B incorporation into AlGaN alloys is in fact not 
thermodynamically any less favorable than into AlN or GaN. Yet, lower B alloy compositions are 
sufficient in BAlGaN to achieve benefits such as lattice matching with AlN, or maintaining 
predominantly TE-polarized light emission. 
Based on these findings, preliminary studies were conducted on the MBE growth of 
BAlGaN. The initial steps were similar to the process described in Chapter 3 but conducted in the 
e-beam evaporator equipped GENxplor system to introduce some B in the second half of the 
growth. Figure 8.7 shows a sample with B incorporation and a control AlGaN sample without 
introducing a B flux. The B compositions were estimated based on the AlGaN growth rate and B 
deposition rate. Severe phase separation was observed for a sample with ~5% B composition, not 
shown, consistent with the previous reports of BGaN and BAlN. The surface morphology was 
reasonable for the sample with ~1% B composition, but not as smooth as AlGaN. Interestingly, 
the RHEED patterns during growth were very indicative of the surface morphology. 
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Figure 8.7 – (a) Schematic of the layer stacking of the grown samples (not to scale). (b-c) Top: RHEED 
pattern during the growth of the topmost layer; bottom: SEM surface image of the samples post-growth 
for B compositions of (b) 0% (AlGaN-only) and (c) ~1%. 
 
XPS characterization of the sample from Fig. 8.7 (c) confirms the presence of B at ~1%, 
as shown in Fig. 8.8(a). The XRD scan in Fig. 8.8(b) for this sample shows some differences 
compared to the AlGaN sample, although it is not certain whether this is due to alloying, strain or 
both. The PL spectrum of the sample in Fig. 8.8(c) shows two distinct peaks at ~240 and 300 nm. 
The first is consistent with the underlying AlGaN, while the second emerges from the BAlGaN 
layer. Measuring PL emission from this preliminary sample is promising, as previous reports of 
incorporating B often indicate a suppression of luminesce due a degradation of the material quality. 
 
Figure 8.8 – (a) XPS survey scan of the sample with a B composition ~1%. The inset shows the high-
resolution scan of the B 1s peak with a binding energy of ~195 eV. (Source: courtesy of Ping Wang, 
University of Michigan) (b) XRD scans around the (0002) peak for the AlGaN and BAlGaN samples. The 
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common peak at 36° corresponds to the AlN template the samples were grown on. (Source: courtesy of 
Ayush Pandey, University of Michigan) (c) Room-temperature PL spectrum of the MBE-grown BAlGaN 
sample with ~1% B composition. The peak at ~240 nm is consistent with that of the underlying AlGaN, 









Appendix A Illustration of the Electromagnetic Spectrum 
 
 




Appendix B Fabrication Steps of UV LEDs 
 
The following steps describe the basic process used in the fabrication of the h-BN/AlN-
based LED devices presented in this thesis. For high performance devices, a more advanced 
fabrication process and extra steps are required, which, however, are beyond the scope of this 
thesis work. 
1. Dice or cleave samples to the desired size (optional) 
2. Standard solvent cleaning (without delay between steps) 
a. Acetone (5 minutes) 
b. Methanol (5 minutes) 
c. Deionized water rinse (5 times) 
d. Nitrogen drying 
3. Photoresist spin coating 
a. Resist: S1813 
b. Speed/Time: 4000 RPM, 30 seconds 
c. Soft bake: 115 °C, 60 seconds 
4. Exposure using a suitable photomask 
a. Hard contact 
b. 4.5 seconds 
5. Development 
a. Developer: AZ 726 (or MF 319) 
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b. Duration: 30-60 seconds (verify under optical microscope) 
c. Deionized water rinse and nitrogen drying 
6. Surface cleaning 
a. Chemical: Hydrochloric acid (HCl) 
b. Duration: 1 minute 
c. Deionized water rinse and nitrogen drying 
7. Thin contact metal deposition 
a. Load samples on 30° angled holder using double-sided Kapton tape 
b. Carefully mount into the e-beam evaporator, pump down 
c. Deposit metals sequentially 
i. Typical n-contact stack: Ti / Au (15 nm / 20 nm) 
ii. Typical p-contact stack: Ni / Au (15 nm / 10 nm) 
d. Remove samples 
8. Lift-off process 
a. Chemical: heated acetone (or Remover PG / 1165 if stubborn) 
b. Gently move around until lift off occurs 
c. Place samples in clean acetone 
d. Transfer into methanol 
e. Deionized water rinse and nitrogen drying 
9. Inspect sample with optical microscope  
 
Note: the devices are now ready to be tested using needle probes. Light would be emitted through 
the thin metal contact pad. 
 129 
Appendix C Bandgap and Lattice Constant Relation of the III-Nitride Materials 
 
 




Appendix D Useful Lookup Table of AlxGa1-xN Properties 
 
Table A.1 – Table of calculated AlxGa1-xN bandgap energy (Eg), PL wavelength and XRD 
2Theta-Omega angle for various compositions. 
 
x Eg (eV) PL (nm) XRD (deg)
0 3.40 365 34.50
0.02 3.43 361 34.53
0.04 3.46 358 34.56
0.06 3.49 355 34.59
0.08 3.53 351 34.62
0.1 3.56 348 34.65
0.12 3.60 345 34.68
0.14 3.64 341 34.71
0.16 3.67 338 34.74
0.18 3.71 334 34.77
0.2 3.75 330 34.80
0.22 3.79 327 34.83
0.24 3.83 323 34.86
0.26 3.88 320 34.89
0.28 3.92 316 34.92
0.3 3.97 313 34.95
0.32 4.01 309 34.98
0.34 4.06 305 35.01
0.36 4.11 302 35.04
0.38 4.16 298 35.07
0.4 4.21 295 35.10
0.42 4.26 291 35.13
0.44 4.31 288 35.16
0.46 4.37 284 35.19
0.48 4.42 281 35.22
0.5 4.48 277 35.25
0.52 4.53 274 35.28
0.54 4.59 270 35.31
0.56 4.65 267 35.34
0.58 4.71 263 35.37
0.6 4.77 260 35.40
0.62 4.83 257 35.43
0.64 4.89 253 35.46
0.66 4.96 250 35.49
0.68 5.02 247 35.52
0.7 5.09 244 35.55
0.72 5.15 241 35.58
0.74 5.22 237 35.61
0.76 5.29 234 35.64
0.78 5.36 231 35.67
0.8 5.43 228 35.70
0.82 5.50 225 35.73
0.84 5.58 222 35.76
0.86 5.65 219 35.79
0.88 5.73 217 35.82
0.9 5.80 214 35.85
0.92 5.88 211 35.88
0.94 5.96 208 35.91
0.96 6.04 205 35.94
0.98 6.12 203 35.97
1 6.20 200 36.00
AlxGa1-xN
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Appendix E Schematics of Measurement Setups 
 
UV-Sensitive PL Setup 
 
Figure A.3 – Schematic of the PL setup for UV measurements. Table A.2 lists the components. 
For temperature-dependent PL, the sample needs to be loaded into the cryostat, pumped down 








UV LED EL Setup 
 












Appendix F Supporting Information for Chapter 5 
 
Section 1 – Band Alignment Between h-BN and Al(Ga)N 
The structure being studied in this work is schematically illustrated in Fig. A.5(a), 
consisting of n-type GaN, n-type AlN, undoped AlN and undoped (p-type) h-BN respectively 
along the growth direction. Of particular interest is the band alignment between AlN and h-BN. 
As can be seen in Fig. A.5(b), a type I alignment (straddling gap) between AlN and h-BN is 
favorable for both effective hole injection from the p-type behaving h-BN, and as an electron 
blocking layer for the carriers injected from the n-contact, providing effective carrier confinement. 
The use of h-BN in this heterostructure therefore provides crucial benefits that were previously 
lacking in AlN-based deep UV light emitting devices. It is worth noting that the exact bandgap of 
h-BN remains under debate [16], [17], [19], [20], [22]. The experimental report of ~6.5 eV has 
been used to construct the proposed band diagram. 
 
Figure A.5 – (a) Schematic of the AlN/h-BN nanowire heterostructure, with the growth direction 
denoted by the black arrow. (b) Flat energy band diagram of this heterostructure, highlighting 
the band alignment between the different layers along the growth direction denoted by the black 
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arrow. Ec, Ev, EF and Eg are the conduction band minima, valence band maxima, Fermi level 
and bandgap energies, respectively. 
 
Section 2 – Boron Vacancies in h-BN 
The undoped h-BN epilayer in this study exhibits p-type behavior, which is ascribed to the 
presence of boron vacancies. While h-BN is typically regarded as a dielectric material [241], native 
defects such as nitrogen vacancy (VN) and boron vacancy (VB) have been known to form 
unintentionally in h-BN during the growth process. The formation of VN, however, has been 
suppressed using nitrogen-rich epitaxy conditions. It has also been demonstrated that VB acts as a 
triple acceptor [25]. Thus, it is reasonable to interpret that VB is responsible for the p-type 
conduction in current h-BN epilayer. 
Attaccalite et al. have conducted a theoretical study on the signature of defects in the optical 
spectra of h-BN specifically for nanostructures [25]. Of particular note is their result on the position 
of the defect quasiparticle energies within the band gap for a boron vacancy. Taking into account 
their theoretical estimation of the bandgap energy, the unoccupied levels they have identified 
approximately match the PL peaks at 260 nm (4.77 eV), 290 nm (4.28 eV) and 380 nm (3.26 eV) 
of the AlN/h-BN heterostructure and h-BN thin film grown under similar conditions on 
SiOx/Si(001) substrate (see Section 4). The proposed energy diagram in Fig. A.6 illustrates the 
optical processes of these observed impurity emission lines. Interestingly, an additional level 
caused by a B vacancy in this theoretical model is an occupied level at ~0.15 eV, which is very 
close to the valence band edge. This is consistent with another theoretical study that places the 
Fermi level close to the valence band maximum [241], as would be the case in a p-doped 
semiconductor, thus elucidating the unusual p-type behavior of this material. 
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Figure A.6 – Energy diagram of the optical processes observed from the impurity emission lines 
of the h-BN reported in this study, which match the energy levels theoretically attributed to 
boron vacancies. Eg is the bandgap energy, and CB and VB are the conduction and valence 
band edges, respectively. 
 
Section 3 – Structural Characterization of h-BN 
STEM low-loss EELS spectrum 
Figure A.7 shows the low-loss EELS spectrum from the boron nitride layer in the AlN/h-
BN heterostructure, exhibiting the π + σ bulk plasmon peak (~25 eV) and the π* plasmon (~8 eV), 
also indicative of h-BN. The shoulder towards lower energy of the bulk plasmon peak and its slight 
shift towards lower energy can be attributed to surface plasmons or the presence of carbon 
contaminant, and delocalized bulk plasmon signal from the adjacent AlN (at 21 eV), respectively. 
. 
Figure A.7 – Low-loss EELS spectrum from the BN layer in the AlN/h-BN heterostructure 
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Electron microscopy of h-BN on SiOx/Si(001) substrate 
The h-BN thin film used for the Hall effect measurements was grown on SiOx/Si(001) 
substrate using similar conditions as the h-BN grown on AlN nanowires. STEM imaging was 
performed on this h-BN/SiOx/Si(001) sample, prepared in cross-section by wedge-polishing using 
an Allied High Tech MultiPrep System, then cleaned with low-energy Ar-ions with a Technoorg 
Linda Gentle-Mill. The detailed characterization results in Fig. A.8 validate that this h-BN material 
is identical to the one grown on the surface of the AlN nanowires. 
 
Figure A.8 – (a) STEM-HAADF image of the h-BN layer grown on a SiOx/Si(001) substrate. (b) 
EELS elemental mapping of the distribution of B and Si at the h-BN/SiOx interface using the B K 
and Si L2,3-edges, respectively. (c) Core-loss EELS spectra of the B K-edge from the BN layer 
showing both π* and σ* components, confirming h-BN. 
 
Section 4 – Photoluminescence Properties of h-BN  
Impact of h-BN on the optical properties of AlN nanowires 
Comparing the dominant emission at ~210 nm of the AlN/h-BN core-shell nanowire 
heterostructure and identical AlN nanowires without BN incorporation (Fig. A.9(a)), it is observed 
that the former exhibits enhanced photoluminescence emission due to the enhanced charge carrier 
confinement and suppressed surface recombination [49]. To better understand the effect of the h-
BN segment on the PL emissions, multiple samples were studied with identical AlN nanowires but 
different h-BN thicknesses and growth temperatures. As can be seen in Fig. A.9(b), other than the 
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AlN free exciton emission at ~210 nm, the emergence of longer wavelength peak at ~290 nm can 
be observed, and as such attributed to defect levels from the h-BN layer [322]. Comparing these 
samples, this defect-induced peak is lower for the sample with the h-BN segment grown at higher 
temperature. Coincidentally, this sample also exhibited the strongest enhancement of the AlN free 
excitonic emission peak. While further optimization may be possible, these samples already 
provide important insight into the growth and optical characteristics of a thin h-BN layer. 
PL spectrum of h-BN on SiOx/Si(001) substrate 
Figure A.9(c) shows the room-temperature PL spectrum of the previously discussed h-
BN/SiOx/Si(001) sample (see Sections 2 and 3), also excited using a 193 nm laser. Compared to 
the AlN/h-BN heterostructure, this sample does not show emission at 210 nm due to the absence 
of AlN nanowires, but exhibits strong emission at ~260 nm and 380 nm, which can also be 
attributed to defect levels from the h-BN thin film. 
 
Figure A.9 – (a) Room-temperature PL spectrum centered at 210 nm of the AlN/h-BN nanowire 
sample (in solid red) and an identical AlN nanowire sample without h-BN (in dashed black). (b) 
Extended-range PL spectra highlighting the band-edge and defect-related emissions of two 
AlN/h-BN nanowire samples with h-BN growth temperatures of 400 °C (in blue) and 800 °C (in 
red). The spectrum of an equivalent AlN nanowire sample without h-BN is included (in black) for 
comparison. (c) PL spectrum of h-BN grown on a SiOx/Si(001) substrate, showing the dominance 
of boron-vacancy related transition. 
 
 140 
Section 5 – Electrical Properties of the AlN/h-BN LED 
Figure A.10 shows the I-V characteristics of the AlN/h-BN LED using a semi-log plot, 
highlighting the current density when the device is forward and reverse biased. 
 
Figure A.10 – I-V curve of the same device shown in Fig. 5.4(b) in semi-log scale. 
 
Section 6 – Transmittance of h-BN in the Deep-UV Spectral Range 
One important motivation in using h-BN for deep-UV photonics is for its use as a 
transparent electrode in this spectral range. To validate this claim, UV-Vis spectroscopy 
measurements were conducted on 10 nm h-BN films grown on sapphire under similar growth 
conditions. A Cary 5000 UV-Vis system was used and the spectra were baseline corrected with 
air. The results show that the transmittance at 210 nm of h-BN sample is significantly higher than 
a GaN on sapphire sample of equal thickness, typically used as the p-contact layer in deep-UV 
LEDs. The measurement results are presented in Fig. A.11, and the transmittance curves extracted 
from these results are shown in Fig. A.12. 
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Figure A.11 – Absorbance spectrum of a bare sapphire substrate (in dashed black), h-BN on 




Figure A.12 – Transmittance curves of GaN and h-BN derived from the absorbance spectra in 
Fig. A.11 using Beer’s law and subtracting the absorbance spectrum of the bare sapphire 










AES: Auger electron spectroscopy 
AFM: atomic force microscope / microscopy 
ALD: atomic layer deposition 
AlGaN: aluminum gallium nitride 
AlN: aluminum nitride 
BEP: beam equivalent pressure 
BF: bright field 
BFM: beam flux monitor 
BN: boron nitride 
BSE: Bethe-Salpeter equation 
c-BN: cubic boron nitride 
CAR: continuous azimuthal rotation 
CBM: conduction band minimum 
CCD: charge-coupled device 
CH: crystal-field split-off hole 
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CIE: carrier injection efficiency 
CL: cathodoluminescence 
CVD: chemical vapor deposition 
DF: dark field 
DFPT: density functional perturbation theory 
EBL: electron blocking layer 
EDS/EDX: energy dispersive X-Ray spectroscopy 
EELS: electron energy loss spectroscopy 
EIES: electron impact emission spectroscopy 
EL: electroluminescence 
ELO: epitaxial lateral overgrowth 
EQE: external quantum efficiency 
FIB: focused ion beam 
FWHM: full width at half maximum 
GaAs: gallium arsenide 
GaN: gallium nitride 
h-BN: hexagonal boron nitride 
HAADF: high-angle annular dark-field 
HCl: hydrochloric acid 
HH: heavy hole 
HOPG: highly oriented pyrolytic graphite 
HVPE: hydride vapor phase epitaxy 
I-V: current-voltage 
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InGaN: indium gallium nitride 
InN: indium nitride 
IQE: internal quantum efficiency 
IR: infrared 
ITO: indium tin oxide 
LD: laser diode 
LED: light-emitting diode 
LEE: light extraction efficiency 
LH: light hole 
LO: longitudinal optical 
MBE: molecular beam epitaxy 
MEE: migration-enhanced epitaxy 
MIS: metal-insulator-semiconductor 
ML: monolayer 
MOCVD: metal organic chemical vapor deposition 
MOVPE: metalorganic vapor-phase epitaxy 
MQW: multiple quantum well 
MSE: mean squared error 
OM: optical microscope / microscopy 
PBN: pyrolytic boron nitride 
PL: photoluminescence 
PPA: peak pairs analysis 
PSS: patterned sapphire substrate 
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PVT: physical vapor transport 
QCM: quartz crystal monitor 
r-BN: rhombohedral boron nitride  
RF: radio frequency 
RGA: residual gas analyzer 
RHEED: reflection high-energy electron diffraction 
RMS: root mean square 
SEM: scanning electron microscope / microscopy 
SiC: silicon carbide 
SIMS: secondary-ion mass spectrometry 
SL: superlattice 
SRH: Shockley-Read-Hall 
STEM: scanning transmission electron microscope / microscopy 
TD: threading dislocation 
TDD: threading dislocation density 
TE: transverse electric 
TEM: transmission electron microscope / microscopy 
TIR: total internal reflection 
TM: transverse magnetic 
UHT: ultra-high temperature 




VBM: valence band maximum 
w-BN: wurtzite boron nitride 
WPE: wall-plug efficiency 
XPS: X-ray photoelectron spectroscopy 
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